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ABSTRACT 
Multi-junction (MJ) solar cells are new generation of solar Photovoltaic (PV) technology with 
high efficiency, better response to high solar concentration and lower temperature 
coefficients. These cells are integrated with high concentrating optical systems to maximise 
their power output. However, high concentration of solar radiation can lead to a significant 
increase in the cell temperature, thus cooling is essential which offers potential for heat 
recovery leading to the development of High Concentrator PV/Thermal (HCPV/T) systems. 
HCPV/T is an emerging technology where more research needs to be carried out to evaluate 
its performance and the related challenges. This thesis presents a detailed investigation of the 
optical, electrical and thermal performance of a MJ based HCPV/T system in a harsh 
environment like Saudi Arabia where ambient temperatures can reach 50 
o
C in the summer.  
Outdoor examination revealed that non-uniform illumination on the solar cell can reduce the 
MJ electrical output by more than 40%. Using ray tracing method, the irradiation uniformity 
was improved by increasing the distance between the concentrator and the receiver (l) and 
placing a 0.06m high secondary optical element (SOE) with surface reflectivity of 90% above 
the PV assembly. The outdoor measurement of the electrical efficiency under high non-
uniformity (>692) was about 22% and after reducing the non-uniformity (˂2) the electrical 
efficiency increased to about 36% with an increment of 64%. The hot spot initiated by the 
non-uniform illumination was also assessed outdoor by measuring the centre, side and corner 
surface temperature of the PV cell. A difference of about 13 K between the centre and the side 
(0.005m distance) of the PV cell surface was reduced to 1 K after enhancing the illumination 
uniformity. A parametric study on a developed Fresnel lens with different aperture areas 
including focal length, thickness, groove pitch and transmissivity was undertaken to enhance 
II 
 
the performance of the HCPV/T optical system. The optical efficiency of the system was 
enhanced with a maximum and average increase of 24% and 21% respectively. 
The developed MJ based HCPV/T system was tested thermally under a concentration ratio of 
500X and at different ambient temperatures using Finite Element Analysis (FEA) and 
Computational Fluid Dynamics (CFD). It was found that the HCPV/T system performs better 
at higher ambient temperatures due to the increase in the generated thermal energy and the 
low electrical sensitivity of the MJ solar cell to the elevated temperature. The total efficiency 
of the HCPV/T system at 25 
o
C and 50 
o
C ambient temperatures are about 78% and 87% 
respectively with an increase of about 12%.  
The performance analysis of HCPV/T integrating a 0.25x0.25 m
2
 Fresnel lens under 
concentration ratios of 425X based on Saudi Arabia solar irradiation and ambient conditions 
was carried out to estimate the maximum and average power output that can be collected in 
one year. It was found that the yearly total power yield can be up to 191.3 kWh. Therefore, 
184 units of HCPV/T, which occupy only 11.5 m
2
, can provide more than the annual 
electrical energy demand of a typical house in Saudi Arabia. Also, in comparison to the flat 
plate silicon PV module with electrical efficiency of 20% and 1.2x0.8 m
2
 area, the HCPV/T 
system can save about 76% of the area needed to meet this demand. In terms of carbon 
savings, these units can displace approximately 23 tons of CO2 every year.  
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CHAPTER 1  
1. Introduction 
1.1. Background 
Energy is certainly needed by all human societies for sustainability and development. Energy 
consumption is increasing day by day due to the rapid growth in the developed countries 
population and advances in technology. According to the World Energy Outlook (WEO), by 
2040 the global energy demand is expected to grow by 37% [1]. Conventional sources of 
energy specifically fossil fuel have been consumed for many decades to fulfil the energy 
demand. Figure 1.1 shows the amount of carbon dioxide (CO2) emission into the atmosphere 
due to the burning of coal, natural gas and liquids. CO2 emission is projected to increase from 
30.2 billion metric tons in the year 2008 to 43.2 billion metric tons by 2035 with increment of 
43% [2].   
 
 
 
 
 
 
 
 
 
Figure  1.1: World energy CO2 emission contribution [2]. 
The emission of CO2 is one of the main causes of air pollution, environmental disasters and 
global warming. Global warming leads to environmental degradation such as water shortage, 
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floods, storms and extinction of some species [3]. Also, due to the current consumption rate of 
the conventional energy there has been a growing concern about the amount of fossil fuels 
remaining. Therefore, energy security has become an important aspect to ensure the 
uninterrupted supply of energy at an acceptable price. Any disruption of electricity, oil and 
gas supply can cause huge economic and social costs [4]. 
In this energy scenario, renewable energy sources such as solar, thermal, hydropower, 
geothermal, wind and marine attracted significant attention globally and became important 
over recent years as one of the solutions to the world energy issues [5,6]. Figure 1.2 shows the 
potential of a dramatic growth in the use of renewable energy over the next 20 years [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1.2: Forecast of world energy consumption [2]. 
Currently, solar and wind are the most utilised renewable energies around the world compared 
to others like hydro, geothermal and biomass due to their availability, flexibility in installation 
of the system and zero pollution [7]. Solar energy emitted by the sun and received by earth is 
one of the most abundant energy resources on the planet. Everyday, over 1.5 x 10
22
 J of solar 
energy reaches earth compared to daily energy consumption by human activity of about 1.3 x 
3 
 
10
18
 J [8]. But, the main challenge of promoting the solar energy is the low conversion 
efficiency which leads to a high initial cost when compared to electricity generated from 
conventional sources [9]. 
1.2. Energy issues in Saudi Arabia 
Saudi Arabia is located in the heart of the Middle East between the Arabian Gulf and Red 
Sea. It occupies about 80% of the Arabian Peninsula  lying between latitudes 16°and 33° N 
and longitudes 34° and 56° E. The country is divided into 13 provinces and it is composed 
primarily of desert. With the exception of south-western province of Asir, Saudi Arabia has a 
desert climate with extremely high day-time temperatures that may reach to 50
o
C during the 
summer time and drop in temperature at night [10]. Moreover, the annual mean rainfall is 
very low and mostly falls during winter time when temperatures are moderate in general. 
Saudi Arabia has an area of more than 2 million km
2
 (2,149,690 km
2
) and total population of 
29.37 million [11]. 
According to BP, 2015, Saudi Arabia holds the world's second largest conventional crude oil 
reserves with 267 billion barrels of proved oil reserves (15.7% of world total) and the second 
largest petroleum liquids producer after the United States with a daily production of 11.5 
million barrels in 2014 [12]. Also, Saudi Arabia’s proved natural gas reserves are estimated at 
8.2 trillion cubic meters, ranking fifth in the world (4.4% of world total) behind Russia, Iran, 
Qatar and the United Arab Emirates (UAE) with a yearly production of 108 billion cubic 
meters [12,13].  
On the other hand, Saudi Arabia faces serious energy issues related to rapid increase in 
domestic energy demand. The local daily oil consumption increased from about 1 million 
barrel in 1993 to more than 3 million barrel in 2014 with increase of more than 200% in only 
20 years [12]. It is ranked the 7
th
 largest oil consumer in the world after the US, China, Japan, 
India, Brazil and Russia. Moreover, the domestic consumption of natural gas increased from 
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40 billion cubic meters in 1993 to about 110 in 2014 with increment rate of 175%. Figures 1.3 
and 1.4 show the oil and gas production and consumption in Saudi Arabia for the last 2 
decades respectively. As can be seen in Figure 1.4, all the produced natural gas is consumed 
locally for domestic demand [12,14]. 
 
 
 
 
 
 
 
Figure  1.3: Daily oil production and consumption in Saud Arabia [12,14]. 
The local high demand in energy (fossil fuel) is driven by population growth with 1.9% yearly 
for the last three years, industrial development, growing production of electricity and 
drinkable water and a subsidy regime that encourage wasteful consumption [11]. According to 
IEA 2010, Saudi Arabia is the second highest energy subsidizers with an average 
subsidization rate of 77.3% [15,16].  
 
 
 
Figure  1.4: Yearly gas production and consumption In Saudi Arabia [12,14]. 
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The domestic rapid consumption of fossil fuel is mainly due to the high demand in electricity 
as its generation in Saudi Arabia is heavily dependant on burning hydrocarbons with 44% 
natural gas, 32% crude oil, 13% diesel and 11% heavy fuel oil as shown in Figure 1.5 [16,17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1.5: Hydrocarbons used for electricity generation [17]. 
The average electricity use in Saudi Arabia increased by about 10% annually over the last 
decade. In 2005, the electricity consumption was about 140 thousand GWh and it reached 
doubled to 280 thousand GWh in 2014 as illustrated in Figure 1.6. Also, due to the climate 
factor the summer peak demand increased by 90% between 2005 and 2014 from 30 to 57 GW 
[17]. 
 
 
 
 
 
Figure  1.6: Yearly sold electricity In Saudi Arabia [17]. 
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The growth of electricity demand in the residential sector has high degree of seasonality due 
to the need for air conditioning in the hot summer months and nearly 70% of the residential 
electricity is sold for this purpose [16]. Figure 1.7 shows the electricity consumption share for 
each sector with strong demand in residential sector consuming about half of the kingdom’s 
total electricity production [17].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1.7: Electricity consumption share by sector in Saudi Arabia [17]. 
Electricity tariff in Saudi Arabia is one of the lowest globally due to the subsidy regime of 
fossil fuel. Figure1.8 shows that the average electricity tariff in Saudi Arabia is 0.04 $/kWh 
whereas in Denmark 0.4 $/kWh and the average of the listed 28 countries is about 0.21 $/kWh 
[18]. 
Due to the strong population growth, the development boom and overly generous subsidy 
regime the water sector is another growing energy consumer. Saudi Arabia lacks natural water 
resources and, therefore, mostly depends on seawater desalination (60%) with the remaining 
coming from water wells to meet its water demands [16]. As can be seen in Figure 1.9, the 
drinkable water demand increased from about 2.4 million m
3 
in 2010 to 3.1 million m
3 
in 2014 
with an increment of about 30% in only 4 years [17]. 
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Figure  1.8: Average electricity tariff comparison [18]. 
To meet this consumption growth in drinkable water, Saudi Arabia has built 30 desalination 
plants as the largest producer of desalinated water in the world with about 26% of global 
production [16]. Desalination processes consume significant quantities of energy to achieve 
separation of salts from seawater. The water cost paid by the end users is equivalent to only 5-
10% of the actual production cost. Nowadays, water desalination in Saudi Arabia accounts for 
10-20% local energy consumption [16]. 
 
Figure  1.9: Average daily production of desalinated water in Saudi Arabia [17]. 
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The Saudi Arabian government estimates the anticipated demand for electricity in the 
kingdom to exceed 120 GW in 2032 [19]. This rate of energy consumption is not sustainable 
in the long run and without taking serious steps toward reviewing the fossil fuel subsidies, 
using alternative energy and implementing energy conservation measures, the overall demand 
for energy will increase from about 3 million barrels of oil equivalent per day in 2010 to 8.3 
million of oil equivalent per day in 2028 for power, industry, transportation and water 
desalination [19]. According to Lahn and Stevens 2008, by 2038 Saudi Arabia will become a 
net oil importer if the domestic consumption is not curbed significantly [20]. Moreover, in 
terms of pollution due to this rapid consumption in fossil fuel, Saudi Arabia’s annual CO2 
emission per capita is one of the highest globally with 18.7 metric tons per capita higher than 
United Kingdom (7.1) and United States (17) [21]. 
Saudi Arabia’s government realised the importance of diversifying the power mix towards 
renewable energy to reduce the CO2 emission, meet the growing domestic energy demand, 
extend the lifetime of oil reserves and release additional domestic oil and gas resources to 
export and towards higher added value sectors such as petrochemicals [16].  
King Abdullah City for Atomic and Renewable Energy (KACARE) was established in 2010 
to build Saudi Arabia’s renewable and atomic energy program that can meet a considerable 
portion of the growing electricity demand. KACARE launched in 2012 an ambitious plan to 
introduce renewable and atomic energy gradually such that more than 50% of all electricity 
generated will be from non-fossil fuel by 2032. The plan is to install 41 GW of solar energy 
(16 GW will be generated through the use of Photovoltaic (PV) cells and the balance of 25 
GW by Concentrated Solar Power), 9 GW of wind, 3 GW of waste-to-energy and 1 GW of 
geothermal corresponding to 41% of total electricity generation [19].  
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1.3. Research and applications of solar energy in Saudi Arabia 
Saudi Arabia has abundant freely available solar energy as its location lies within the Sunbelt 
region with average annual global solar radiation of about 2270 kWh/m
2
 and area of more 
than 2 million km
2
 [22,23]. The utilization of solar energy may cover a considerable part of 
the local energy demand. Also, due to the geographical location of the country, its widespread 
desert land and high clearance index Saudi Arabia can be a successful candidate to export 
solar energy in the form of electricity [23]. 
Applications of solar energy in Saudi Arabia have been developing since 1960. Research 
activities started with small-scale university projects during 1969, and systemised major 
Research and Development (R&D) work to develop solar energy technologies was initiated 
by King Abdulaziz City for Science and Technology (KACST) in 1977. The Energy Research 
Institute (ERI) at KACST has conducted major R&D work in this field. The ERI had a 
number of international joint research programs in the field of solar energy including 
SOLERAS with the United States of America which was signed in late 1977 and HYSOLAR 
with the Federal Republic of Germany initiated in 1991. These joint programs were focused 
on projects that were of mutual interest to the participating countries such as electricity 
generation, water desalination, agricultural applications and cooling systems.  
Table 1.1 lists major solar energy R&D projects conducted by the ERI along with their 
location, type, capacity and applications [13,23]. By 2000, the cumulative installed capacity 
of solar PV cells reached 4 MW in Saudi Arabia [13].  
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Description of projects 
Type Capacity
1981–1987 Solar Village PV system 350 kW (2155 MWh) AC/DC electricity for remote areas
Developing of solar cooling 
laboratory
Testing of different electrode 
materials for solar hydrogen plant
1986–1994 Solar Village Solar-thermal dishes 2 pieces, 50 kW Advanced solar stirling engine
1987–1990 Solar Village PV test system 3 kW Demonstration of climatic effects
Demonstration plant for solar plant 
hydrogen production
1988–1993 Dammam Energy management in buildings Energy conservation
1988–1993 Al-Hassa, Qatif Solar dryers Food dryers (dates, vegetables, etc.)
Hydrogen production, testing and 
measurement (laboratory scale)
Since 1990 Solar Village Long-term performance of PV 3 kW Performance evaluation
1993–1995 Solar Village Internal combustion engine Hydrogen utilization
1993–1997 Solar Village Solar collectors development Domestic, industrial, agricultural
1993–2000 Solar Village Fuel cell development 100–1000 W Hydrogen utilization
1994–1999 Sadous Village PV water desalination 0.6 m
3 PV/RO interface per hour
1994–2000 12 stations Solar radiation measurement Saudi solar atlas
1994–2000 5 stations Wind energy measurement Saudi solar atlas
1996 Southern regions PV system 4 kW AC/DC electricity for remote areas
1996 Muzahmia PV in agriculture 4 kWp AC/DC grid connected
1996–1997 Solar Village Solar-thermal desalination Solar distillation of brackish water
1996–1998 Solar Village PV system 6 kW PV grid connection
1999–2000 Solar Village Solar refrigeration Desert application
Solar Village PV hydrogen production 350 kW (1.6 MWh)
1989–1993 Solar Village Solar hydrogen generator 1 kW (20–30 kWh)
1981–1987 Saudi universities Solar cooling
1986–1991 KAU, Jeddah Solar hydrogen 2 kW (50 kWh)
1987–1993 
Year conducted Location Application purposes
Table  1.1: List of solar energy projects executed by the ERI, KACST [13,23]. 
Figure 1.10 shows the solar village PV system installed in 1981 which was the largest in the 
world at that time with peak output of 350 kW and the only large concentrator PV (CPV) 
power system in operation [24,25]. The objective of this project was to exploit solar energy to 
provide power to three remote villages (Al-Jubailah, Al-Uyaynah and Al-Higera) 50 km 
north-west of Riyadh which were not served by an electric power grid [13]. This 
computerised 350 kW Fresnel lens concentrator PV comprising of 160 silicon PV arrays and 
occupying an area of 4000 m
2
 was working in two modes of operation: stand-alone and co-
generation. This PV system remains one of the most successful R&D projects implemented as 
the experience acquired through the execution and after the operation of this project is rich. 
Also, it was the start for many following renewable energy projects as can be seen in Table 
1.1 [13]. Research and development activities in Saudi Arabia have confirmed that solar 
energy has a wide range of practical uses [26]. 
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Figure  1.10: Solar Village concentrator PV system in Saudi Arabia [24]. 
Despite the early and successful implementation of renewable energy projects and gaining 
wide experience in different applications, progress in utilisation of solar energy in Saudi 
Arabia slowed down in the last few decades due to several reasons such as: 
i. The end of oil crisis. 
ii. The wide availability of oil at low cost compared to solar energy. 
iii. The governmental substantial subsidies for oil and electricity generation and non-
availability of such subsidies for solar energy programs.  
iv. The dust accumulation effect; about 50% and more decrease in power output can be 
experienced if no cleaning is performed on PV modules for a long period of time 
[13,27,28]. 
v. High ambient temperature; outdoor experimental study on silicon PV modules reveals 
that more than 30% decrease in power generation can occur during summer time [29]. 
In recent years, the interest in renewable energy options has risen as the country’s oil and gas 
consumption has dramatically increased. Figure 1.11 indicates the annual addition and 
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Figure  1.11: Annual addition and cumulative PV installed capacity between 2002 and 2008 
in Saudi Arabia [30]. 
The country has to use its current wealth to reduce the dependence on fossil fuel by 
developing alternative energy sources. In this regards, researchers have welcomed the 
establishment of KACARE in 2010 to serve as a centre for renewables research and for 
coordinating national and international energy policy. Also, some universities established 
research centres focusing on sustainable and renewable energy. All these recent institutions 
are expected to play a major role in utilizing and developing renewable sources of energy 
besides reconstructing energy policies in the Kingdom [23]. Moreover, the Kingdom of Saudi 
Arabia has started building the first solar powered seawater desalination plant on the Arabian 
Gulf as a new research collaboration project between KACST and IBM initiated in 2010 
which could substantially reduce water and energy costs [25]. This is the first step in a three-
part program to introduce solar energy into the Kingdom [31,32]. The expected production 
capacity of this energy efficient desalination plant is 30,000 cubic meters per day to serve 
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100,000 people located in Al Khafji city. KACST plans to power the desalination plant using 
the Ultra-High Concentrator Photovoltaic (UHCPV) technology with a concertation ratio 
greater than 1500 suns, which is jointly developed by IBM and KACST. This is besides 
working on improving polymeric membranes through nanoscale modification of polymer 
properties to make seawater desalination using reverse osmosis, which is most commonly 
used in Saudi Arabia besides multi-stage flashing system, more efficient and less costly. The 
goal of this project is to reduce the cost of desalinating seawater which is ranging from 2.5 to 
5.5 Saudi Riyals per cubic meter by combining solar power and the new nano-membrane 
[31,32]. 
1.4. Future trends of solar energy applications in Saudi Arabia 
A new solar monitoring network in Saudi Arabia was established by KACARE in 2013 to 
assess the solar radiation resources. The solar monitoring network has 30 stations distributed 
across the country based on one-minute measurements of Global Horizontal Irradiance (GHI), 
Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI) and related 
meteorological parameters. The most important component of the sun light for CPV systems 
to be feasible is the DNI. The first year set of measurement (October 2013 - September 2014) 
was collected from those stations and analysed [22]. It was found that the total daily average 
DNI in Saudi Arabia is 6047 Wh/m
2
 i.e. about 2207 kWh/m
2
/year. According to more than 
one study [22,33,34], the DNI levels needed to be appropriate for concentrating solar 
technologies at current prices is >1800 kWh/m
2
/year where all regions of the country have 
exceeded this number [22]. 
One of the lessons learned from the 350kW solar village CPV system project is that large-
scale CPV may not be economically viable when operated as stand-alone systems due to the 
high cost of electrical energy storage [13]. However, these systems can be more cost-effective 
if they are connected directly to the electrical grid [13]. Moreover, since year 2000 interest 
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globally shifted towards small scale, grid connected and building integrated PV (BIPV) 
applications [25,35]. Almost no CPV projects for residential applications have been 
investigated in Saudi Arabia which can be a promising technology to provide an alternative 
source of electrical energy. Research on CPV systems in Saudi Arabia is needed to help in 
boosting the solar applications in the region, which is one of the aims of this study.  
1.5. High Concentrator Photovoltaic/Thermal (HCPV/T) system 
Solar PV power has been one of the fastest growing renewable energy technologies, and it is 
anticipated that this technology will play a major role in the future of global electricity 
generation [35]. However, PV technology is more expensive than the energy generated from 
conventional sources. CPV system has the potential to replace the expensive PV material with 
cheaper optical elements such as lenses and mirrors [36]. Point-focus Fresnel lens 
concentrator has been widely used in HCPV systems with many advantages over any other 
concentrators such as small volume, light-weight, mass production with low cost and 
effectively increasing the energy density. Integrating Fresnel lenses in CPV systems can lead 
to achieving high concentration ratios exceeding 100 suns, hence called high concentrator PV 
(HCPV). The new PV technology, generation III-V multi-junction (MJ) solar cells with 
efficiencies exceeding 40% at high concentration are normally integrated in HCPV systems 
since they are more efficient, have a better response to high concentration and lower 
temperature coefficient [37]. HCPV technology has attracted more attention especially after 
introducing these solar cells for terrestrial applications as they keep hitting new conversion 
efficiency records. However, point-focus concentration will cause high and non-uniform PV 
cell surface temperature which reduces the output power from the cell and ultimately degrades 
its life [25]. Therefore, effective cooling is necessary to dissipate the heat load from the solar 
cell surface and maintain the peak performance at all conditions [38]. High concentrator 
Photovoltaic/Thermal (HCPV/T) principle using water as a coolant can enhance the overall 
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efficiency of the system by utilising the absorbed thermal energy in different applications 
[39].  
1.6. Aims and Objectives   
Unlike crystalline-silicon technology, high concentrator Photovoltaic/Thermal (HCPV/T) 
integrating multi-junction solar cell is an emerging technology and research in this area is at 
its early stages. Although there are many issues related to the operation of the HCPV system, 
there are only few reports characterising its performance outdoors and even less on point-
focus Fresnel systems where the concentration ratio can reach up to 1000X [40]. HCPV/T 
systems consist of four main components: solar concentrator, solar cell, cooling mechanism 
and tracking system. In this study, a comprehensive investigation including optical, electrical 
and thermal analysis of a developed single HCPV/T will be carried out for the Fresnel lens, 
triple-junction solar cell and cooling system respectively by simulation and experimental 
testing. The HCPV/T system will be tested under United Kingdom climate conditions but the 
study will be extended to predict its performance in the harsh environment of Saudi Arabia 
where ambient temperature can reach up to 50
o
C in the summer time [41].  
This research project aims to develop and characterise a HCPV/T system for electricity and 
heat energy generation with the following objectives:  
 Develop an optical model using ray tracing method able to evaluate and optimise the 
optical efficiency of the concentrator system. 
 Evaluate and optimise the incident irradiation uniformity on the solar cell surface. 
 Develop an electrical model capable of examining the performance of the multi-
junction solar cell under different concentration ratios and surface temperatures.  
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 Develop a thermal model using Finite Element Analysis (FEA) technique able to 
predict the solar cell surface temperature under different solar irradiations and ambient 
temperatures.  
 Study the performance of the HCPV/T cooling system to maintain the PV surface 
temperature and to utilise the output thermal energy carried by the coolant for different 
thermal applications such as solar thermal water desalination, solar cooling and air-
conditioning using Computational Fluid Dynamics (CFD).  
 Develop a single, small scale and light weight HCPV/T system including point-focus 
Fresnel lens, multi-junction solar cell and cooling mechanism for outdoor optical, 
electrical and thermal performance investigation. 
 Conduct outdoor and indoor experimental work to validate the developed optical, 
electrical and thermal models. 
 Study the feasibility of passive and active cooling in harsh environment like Saudi 
Arabia to maintain the multi-junction HCPV surface temperature below the operating 
temperature limit recommended by the manufacturer using CFD/FEA. 
 Predict the annual electrical and thermal power yield of a single and multi HCPV/T 
systems in Saudi Arabia.  
1.7. Thesis Outline  
This thesis presents a comprehensive analysis of the performance of a high concentration 
multi-junction photovoltaic thermal system (HCPV/T). Optical, electrical and thermal 
modelling was conducted under a variety of concentration ratios and ambient temperatures. 
Technical issues related to HCPV/T systems including high surface temperature, non-uniform 
irradiation and small acceptance angle will be described as well. Hence, the contents of this 
thesis can be summarized as follows:  
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Chapter One contains brief discussion of the world’s energy issues, Saudi Arabia’s energy 
issues and the solar energy research implemented in Saudi Arabia. It also contains brief 
introduction of the HCPV/T and the general thesis overview.  
Chapter Two reviews the research reported on the HCPV/T in terms of history and future 
trends, HCPV/T components design approach, performance enhancement techniques and 
applications, HCPV/T related challenges and experimental as well as numerical studies.  
Chapter Three presents a detailed procedure for developing an outdoor single HCPV set-up 
and details of all measuring devices used for optical, electrical and thermal investigations.  
Chapter Four describes an investigation of the performance of a HCPV optical system in 
terms of optical efficiency and incident irradiation uniformity with and without secondary 
optical element using ray tracing software. Moreover, it describes the validation of the 
developed optical simulation using outdoor experimental set-up.     
Chapter Five presents the optimisation process of the HCPV optical system and performance 
evaluation in terms of optical efficiency and incident rays uniformity with and without 
secondary optical element. In addition, it shows the simulation results investigating the effect 
of increasing the incident ray angle on the HCPV optical efficiency and the evaluation of the 
acceptance angle with and without secondary optical element. Moreover, different assembly 
configurations of more than one HCPV system will be investigated to examine the possibility 
of saving space and cost.  
Chapter Six presents the development of an electrical model using Engineering Equation 
Solver (EES) to evaluate the performance of multi-junction solar cell. The model was 
calibrated against the solar cell manufacturer indoor experimental data. Also, it describes the 
comparison of electrical model results with the outdoor experimental outputs.  
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Chapter Seven describes the development of a HCPV/T thermal model and cooling system 
using FEA and CFD. Also, it presents a technical feasibility study results of passive and 
active cooling for HCPV in harsh environment of Saudi Arabia.  
Chapter Eight describes the conclusions drawn from the research work conducted and 
proposed future work. 
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CHAPTER 2  
2. Literature review 
2.1. Introduction  
This chapter presents a detailed literature review of research work regarding concentrator 
Photovoltaic systems in general and more specifically on High Concentrator PV/Thermal 
(HCPV/T) systems. It begins with a brief introduction to concentrating solar thermal and PV. 
Then, it presents a brief history and progress in CPV technology and the future trends. Also, a 
detailed literature review on each component of HCPV/T i.e. concentrator solar cells, solar 
concentrators, tracking systems and cooling mechanisms will be reported. Moreover, the 
experimental and numerical performance studies of HCPV/T with the associated challenges 
are reviewed as well.  
2.2. Solar Energy Technologies 
Solar technology is generally divided into two categories: thermal and photovoltaic. Solar 
thermal refers to the process of converting solar radiation into heat by the use of a solar 
thermal collector, while Photovoltaic involves conversion of the solar radiation directly into 
electricity by the use of a solar cell. Concentrating Solar Thermal (CST) and Concentrating 
PV (CPV) systems, use either mirrors or lenses to concentrate solar radiation to produce 
forms of useful energy such as heat or electricity. Unlike flat plate Photovoltaics (PV), CSP 
systems are not able to use solar radiation that has been diffused but only capture the direct 
beam component. Therefore, this technology is more suited in sites with high beam radiation 
and clearness index. The CSP technologies that are currently used commercially in order of 
deployment level are [33]:  
 Parabolic trough  
 Central receiver tower  
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 Linear Fresnel reflectors 
 Fresnel lenses with CPV 
 Parabolic dishes  
Figure 2.1 shows four CSP technologies: parabolic trough, central receiver tower, linear 
Fresnel and parabolic dish. Each technology has particular advantages and therefore project 
and technology developers are actively pursuing all types of CSP technologies.  
 
 
 
 
 
 
 
 
 
 
 
Figure  2.1: From left to right; Parabolic trough, Central receiver tower, Linear Fresnel and 
Parabolic dishes [42]. 
Figure 2.2 shows Fresnel lenses for CPV technology with the sun’s radiation concentrated on 
semiconductor material i.e. PV to generate electricity. A detailed review on CPV technology 
will be introduced in the following sections. 
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Figure  2.2: Fresnel lens-based CPV array  [33]. 
2.3. Concentrator Photovoltaic (CPV) technology 
2.3.1. Introduction  
The main challenge of using PV is the high initial cost when compared to electricity generated 
from conventional sources. In order to increase the efficiency of solar power generation and 
make it more cost effective, different methods have been considered in the past and several 
approaches have been introduced and investigated. Sun tracking is one of these methods 
which can enhance the total collected energy from the sun [43]. Other approach for cost 
reduction in solar power generation is using mirrors, reflectors or lenses to concentrate the 
incoming solar irradiation on the PV cell [36,44]. CPV systems replace the expensive 
semiconductor PV material with cheaper material such as glass, mirror and plastic to focus a 
large area of sunlight onto the small area of solar cell. CPV are categorised based on the 
amount of solar concentration into three groups including low (LCPV), medium (MCPV) and 
high concentration (HCPV).  
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CPV systems operate efficiently in areas with a high direct solar irradiation since diffuse light, 
which falls on earth after being scattered by haze, clouds, etc., cannot be concentrated. As the 
concentration level goes higher, the need for using accurate tracking and appropriate cooling 
systems becomes more important. Although concentration of direct solar irradiation can 
increase the power output, PV surface temperature increase is an issue as PV efficiency is 
inversely proportional to the PV surface temperature [25]. Several studies have been carried 
out to determine the most efficient method for PV cooling including passive and active 
cooling methods. Active cooling is in general more effective in reducing PV surface 
temperature but at the same time more costly. However, using Photovoltaic-Thermal 
collectors principle (PV/T) where water or air passing through channels at the back side of the 
PV panel can be more economically feasible if the removed heat by the cooling fluid is 
utilised in different thermal applications as this can add to the overall efficiency of the PV/T 
system [39].  
Multi-junction (MJ) solar cells are recently favoured over single junction cells to be integrated 
in CPV systems as they are more efficient, have a better response to high concentration and 
lower temperature coefficient. The new technology, generation III-V multi-junction solar 
cells, offer high efficiencies exceeding 43% at high concentration compared to traditional 
solar cells made of a single layer of semiconductor material [37].  
In this thesis, optical, electrical and thermal modelling are undertaken to develop HCPV/T 
system and characterise its performance. Tracking system performance analysis is not a part 
of this thesis but it will be reviewed in this chapter.  
2.3.2. Brief history and progress in CPV technology 
In the 70s, the idea of substituting the expensive PV cells with cheaper optical elements 
became an attractive option. The research and development of CPV technology effectively 
started at the Sandia National Laboratories in 1975 when a national program launched in the 
23 
 
USA to develop ideas and concentration photovoltaic prototypes was encouraged by the oil 
crisis in 1973 [25,45,46]. Almost all types of concentrating technologies were explored during 
this period including reflective dishes (Boeing), reflective troughs (Acurex), point-focus 
Fresnel lenses (RCA, Varian, Motorola, Martin Marietta), linear Fresnel lenses (E-Systems) 
and compound parabolic concentrators (Sun Trac, University of Chicago) [45]. At that time, 
system efficiencies for these developed prototypes ranged from 5% for the reflective trough 
systems to 10% for point-focus Fresnel lens systems [45,47]. Despite the rapid progress of 
CPV technologies in the 80s, the research and development in this area slowed down in the 
next few decades due to several reasons: the end of the oil crisis which was the initial 
motivation for developing CPV technologies, the absence of any significant breakthrough, the 
market was not prepared to build the large facilities that CPV systems require like tracking 
systems and the need to economically compete at this scale with the energy produced by 
conventional power stations [25,45,48,49].  
At the present time, CPV technology is back into business and more companies are coming 
forward to introduce CPV systems for two reasons: PV production and application have 
grown to a size where larger systems are desirable and significant increase in the solar cells 
performance with efficiencies of more than 40%, which in the future may reach 50% 
[25,45,50]. On the other hand, there is also interest in smaller scale applications as many CPV 
systems were developed for building integration (BIPV) like façade applications, sky lighting, 
wall curtains and few other applications still under development [25,51]. BIPV and power 
generation remain the most important applications employing CPV systems [25].  
2.3.3. Current and future status of CPV technology  
The key principle of CPV technology is the use of cost-efficient optical elements that 
significantly reduce the solar cell area facilitating the use of high efficiency more expensive 
cells. This key principle allows CPV to be cost competitive compared to CST and standard 
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flat-plate PV technology in certain sunny regions where Direct Normal Irradiance (DNI) is 
high [50]. HCPV systems were mostly integrated with crystalline silicon (c-Si) concentrator 
cells before 2008, but III-V multi-junction solar cells have since become standard [50]. 
Concentrating the sun light by a factor of more than 100X onto a small area enables the use of 
highly efficient but relatively expensive multi-junction solar cell based on 3-4 layers of 
different semiconductor materials. Those with concentration ratio below 100X i.e. medium 
and low concentration systems are also being deployed mainly with c-Si solar cells and 
single-axis tracking although dual axis tracking can also be used. The popularity of the HCPV 
is due to the significant increase in the efficiency of individual modules which ultimately 
leads to a reduction of area-related system costs. A CPV module efficiency of 38.9% at 
Concentrator Standard Test Conditions (CSTC) was demonstrated by Soitec [52] in 2015 and 
efficiencies of commercially available CPV modules exceed 30% [50]. Moreover, CPV 
system efficiencies have also increased reaching 25-29% and CPV companies anticipate 
further increases in efficiency for CPV system to more than 30% in the near future driven 
mainly by improvements in cell efficiency and the optical efficiency of the concentrators 
[50,53]. Figure 2.3 demonstrates the CPV cell, CPV module and CPV system efficiency 
roadmap from 2007 to 2020. It is anticipated that the cell, module and system efficiencies of 
CPV reach to 50%, 40% and 35% respectively in 2020.  
A typical CPV system consists of the following main components: solar PV, solar 
concentrator, tracking mechanism and a cooling system. A detailed review on CPV 
components will be introduced in the following sections. The overall performance of the CPV 
system depends on how efficiently each of these components performs independently and 
collectively.  
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Figure ‎2.3: CPV cell, module and system efficiency roadmap, 2007-2020 [54]. 
2.4. Solar Photovoltaics for CPV 
2.4.1. Introduction  
Significant progress has been made towards the development of solar cells in the last few 
decades. Researchers have made efforts not only to improve the existing solar cell efficiency 
but also to develop solar cells from different semiconductor materials. Today, the highest 
efficiency of silicon solar cells is more than four times the 6% in 1954 i.e. ~25.0% as 
demonstrated in Figure 2.4 [55,56]. Various solar technologies and their progress in the last 
40 years have been summarised in a single graph plotted by the National Renewable Energy 
Laboratory (NREL) as shown in Figure 2.4. These technologies including crystalline silicon 
(c-Si) such as mono and multi crystalline, Gallium Arsenide (GaAs), Thin-Film such as 
Copper Indium Gallium Selenide (CIGS), Cadmium Telluride (CdTe) and Amorphous silicon 
(a-Si), multi-junction cells and new emerging PV such as dye-sensitized and organic solar 
cells. 
Generation III-V four-junction solar cells based on four different semiconducting materials 
currently hold the world record efficiency of 46% under concentrated sunlight of 508 suns by 
Fraunhofer Institute for Solar Energy Systems (Fraunhofer ISE) [50,55–57]. Moreover, the 
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maximum efficiency of a triple junction InGaP/GaAs/InGaAs (Indium Gallium 
Phosphide/Gallium Arsenide/ Indium Gallium Arsenide) solar cell has been reported to be 
44.4% for intensity of 302 suns [56,58].  
Figure ‎2.4: Best research-cell efficiencies through end of 2015 [55]. 
2.4.2. The sun spectrum  
The intensity of solar radiation reaching the earth surface is dependent on the latitude of the 
observer and varies with the time throughout the day and the year; this is defined by the air 
mass (AM). When the sun is at zenith (i.e. θ = 0o), the spectrum is termed as AM1 at sea 
level. With the change in sun position from zenith, depending on the angle (θ) the air mass is 
given by [59]:  
1
   
cos
Air mass

                                                                            (2.1) 
The solar industry uses AM1.5 (i.e. θ = 48.2o) and radiation intensity of 1 kW/m2 for all 
standardized testing or rating of terrestrial solar cells or modules including those used in 
concentrating systems. 
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The solar radiation received by the earth is in two forms: direct (beam) and diffuse; the sum of 
those two values on plane is called global radiation: 
        Global radiation Direct radiation Diffuse radiation                                                (2.2) 
CPV systems are more feasible in areas of the world where the direct component of the light 
is high like Middle East and North Africa (Sunbelt region). Spectral distribution of the sun 
light is also important for the photovoltaic power generation. The global radiation has a 
different spectrum than the direct radiation as shown in Figure 2.5.  
 
 
 
 
 
 
 
Figure ‎2.5: Extra-terrestrial and terrestrial global and direct solar spectrum [60]. 
The highest spectrum in the Figure above is for the extra-terrestrial radiation which reaches 
outside the earth atmosphere. The internationally accepted extra-terrestrial intensity of solar 
radiation is 1.353 kW/m
2
 [59]. The spectrum of the sun outside the atmosphere is called AM0. 
2.4.3. Fundamentals of solar cells  
The solar cell operation is based on the ability of semiconductors to convert the incident 
sunlight energy directly into electricity by taking advantage of the photovoltaic effect [61]. 
Photovoltaic energy conversion depends on the quantum nature of light whereby light is 
identified as a flux of particles called ‘‘photons’’ which carry energy as given by the 
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following equation [61]:   
( )ph
hc
E 

                                                                                                                     (2.3) 
The energy of a photon is a function of the wavelength of light λ (and thus also of the 
frequency), h the Planck constant 6.6256×10
-34
Js
-1
 and c the speed of light. On a clear day, 
about 4.4 x 10
17
 photons are received every second by a square centimetre of the earth’s 
surface [61]. The solar cell only gets advantage of photons with energy in excess of the 
semiconductor material band gap to generate electricity [61]. The energy band gap can be 
defined as the energy needed to produce electron excitation and to activate the PV process 
[62]. The nature of this absorption process indicates that a part of the photon energy is lost; it 
is seen that practically all the generated electron-hole pairs have energy in excess of the 
material bandgap [61]. After the creation of electron-hole pairs, the electron and hole decay to 
states near the edges of their respective bands; therefore the excess energy is lost in the form 
of heat and cannot be utilised into useful power. Moreover, this heat negatively affects the 
performance of the solar cell which represents one of the fundamental loss mechanisms in a 
solar cell [61].   
For practical purposes, a pure semiconductor (which is called intrinsic) is considered to be an 
insulator as it contains just the right number of electrons to fill the valence band and therefore 
the conduction band is empty. One way to enable the semiconductor to conduct electricity is 
by alloying the semiconductor with an impurity; this process is called doping [61]. Doping 
makes it possible to control the electronic properties of a semiconductor which is the heart of 
the manufacturing process of all semiconductor devices [61]. If phosphorous atoms (group 5 
impurity atoms) are added to the silicon melt from which the crystal is grown, four of the five 
outer electrons are used to fill the valence band and the extra electron from each impurity 
atom is promoted to the conduction band. Therefore, these impurity atoms are called donors. 
The electrons in the conduction band are mobile and hence the crystal becomes a conductor. 
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This type of semiconductor is named n-type. A similar concept occurs when silicon is doped 
with Boron atoms (group 3 impurity atoms) which are called acceptors. Since four electrons 
per atom are needed to fill the valence band completely, this doping creates a hole for each 
impurity atom which behaves as positively charged mobile particle. This type of 
semiconductor is named p-type [61]. The mobile charges within the semiconductor generated 
by the incident light can be separated by device structure or in the junction to produce an 
electric current [59,63–66]. The operation of a solar cell is basically based on the formation of 
two junctions i.e. p-type and n-type junctions of the semiconductor (Figure 2.6) [59,61]; the 
p-n junction can be defined as an interface between the n and p regions of one semiconductor. 
When p-type and n-type semiconductor are in contact, few surplus electrons near the junction 
in n-type will diffuse into p-type leaving behind positive charge in n-type [59,61]. Likewise, 
in p-type few holes diffuse from p-type to n-type leaving behind negative charges in the p-
type. This will create a strong electric field at the junction; this field is generated in the 
opposite direction to the electron-hole flow and balances further flow of the electron and 
holes [59,61]. When light is incident on the PV, electron-hole pair is generated on both sides 
of the junction. The generated minority carriers of both sides diffuse to the junction and then 
swept away by the electric field at junction which produces a current [59]. 
 
 
 
 
 
 
 
Figure ‎2.6: Schematic diagram of the solar cell circuit [59]. 
30 
 
2.4.4. Classifications of the PV technologies  
At the present time, there are a wide range of PV cell technologies available on the market 
using different types of materials and different manufacturing processes employed to make 
these solar cells. Depending on the technology, the conversion efficiency and life time also 
varies from cell to cell. PV cell technologies are usually categorised into three generations 
depending on the basic material used and the level of commercial maturity [62]:  
 First generation PV systems: these systems are fully commercialised and use the 
wafer-based crystalline silicon (c-Si) technology. 
 Second generation PV systems: these systems are at early market deployment and 
are based on thin film PV technologies. 
  Third generation PV systems: these systems are emerging PV technologies which 
are either under demonstration or have not been widely commercialised. The most 
mature third generation PV technologies are [61]: Dye-sensitized solar cells (DSSC), 
organic solar cells and concentrating PV (CPV).   
In CPV systems special kinds of solar cells are necessary since they are operated at high 
concentration and elevated temperatures. These concentrator cells differ from one-sun cells in 
many ways including the method of manufacture, the overall cell design and their 
performance. The bus bars in concentrator solar cells are generally around the perimeter of the 
cell as they can be accommodated without blocking any of the incoming light [25,67]. Due to 
the high concentration received, a concentrator cell is designed to generate higher output 
current. This output current can be transferred well if the series resistance of the cell allows its 
flow [68]. Low series resistance cell needs proper metallisation. Screen printed silicon solar 
cells may reduce the output power at higher illuminations due to the high series resistance for 
this kind of metallisation [60,69]. Depending on the concentration ratio, the type of solar cells 
to be used in CPV can be a single junction cell [70–76] or a multi-junction solar cell [77–79].  
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Single junction solar cells can be integrated with line focused concentrator. Moreover, low 
and medium concentration systems are employing high quality single junction silicon cells 
which are cost effective as their manufacturing are not much different from those used in 
conventional PV panels. These solar cells can be manufactured by making improvements in 
material quality to have longer minority carrier lifetime, proper grid design, light trapping and 
improved surface passivation [25,75]. There are three different silicon based solar cell types 
applicable to use with concentrators: Laser Grooved Buried Contact (LGBC), Back Point 
Contact (BPC) and Silver solar cells [60].  
Multi-junction solar cells III-V are needed for applications demanding high concentrations 
such as point-focused systems which can perform under high concentration and extreme 
temperatures for a long period of time. Power generation is the main application of these 
types of systems where the high investment gets paid off [25]. Multi-junction solar cells have 
been studied since 1960 [80,81]. The first multi-junction device was demonstrated for space 
applications in late 1980s with electrical conversion efficiency of 18.5% [82]. In 1994, US 
NREL broke the 30% efficiency barrier in the concentration range of 115-260 suns 
[47,81,83]. These cells are made by semiconductor compounds from group III and V of the 
periodic Table such as Gallium Arsenide which offer the highest PV conversion efficiency 
[8,57,58,62]. Multi-junction solar cells consists of a stack of layered p-n junctions each made 
from different set of semiconductors with different band gap and spectral absorption to 
capture as much of the solar spectrum as possible. Stacked configuration is the generally 
preferable approach to arrange the semiconductor cells in a way that the sunlight strikes the 
highest band gap first and then goes to the lower band gap junctions [84].  
Figure 2.7 shows the difference between single junction silicon and triple-junction solar cell 
in utilising the solar spectrum. Ge (0.67 eV), GaAs or GaInAs (1.18 eV) and GaInP (1.70 eV) 
are the most commonly employed semiconductors in a triple junction solar cell due to their 
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high optical absorption coefficients and good values of minority carrier lifetimes and 
mobilities [62,84,85]. The first layer (GaInP) converts the short wavelength portion of the 
spectrum while the second layer (GaAs or GaInAs) captures the near-infrared light and the 
third layer (Ge) absorbs the lower photon energies of the infrared radiation. 
Figure ‎2.7: The solar spectrum and the parts of the spectrum that can, in theory, be used by: 
(a) Si solar cells; (b) Ga0.35In0.65P/Ga0.83In0.17As/Ge solar cells [81]. 
Figure 2.8 shows the physical schematic of triple junction solar cell and the electrical circuit 
equivalent diagram showing top, middle and bottom junction diodes and interconnecting 
upper and lower tunnel junctions [86].  
 
 
 
 
 
 
 
 
 
Figure ‎2.8: (a) Structure of a triple-junction PV cell. (b) The electrical circuit equivalent 
diagram [86]. 
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Henry [87] calculated the terrestrial multi-junction solar cell limiting theoretical conversion 
efficiency under 1000 suns concentration and with the solar cell held at room temperature 
with 1, 2,3 and 36 band gaps; the respective efficiencies were 37, 50, 56 and 72%. Therefore, 
this technology can be considered to be the most promising one among other PV 
technologies. 
2.5. Electrical performance characterisation of a multi-junction solar cell  
2.5.1. Solar cell I-V curve characterisation  
I-V curve, as shown in Figure 2.9, is an important tool to characterise the electrical 
performance of a typical solar cell. This curve includes many important electrical parameters 
of the solar cell. These electrical parameters are VOC (open circuit voltage), ISC (short circuit 
current), Im (current at maximum power), Vm (voltage at maximum power), Pm (maximum 
power), PT (theoretical maximum power) and FF (Fill Factor).  
 
 
 
 
 
 
 
 
Figure ‎2.9: Typical I-V curve of a solar cell connected to variable resistive load [88]. 
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2.5.1.1. Short Circuit Current (ISC)  
Short Circuit Current (ISC) is the maximum amperage generated by a solar cell exposed to 
sunlight with the output shorted i.e. I at V= 0 = ISC. The short circuit current is corresponding 
to the short circuit condition when the resistance is low and the voltage is equal to zero. 
Figure 2.9 shows the short circuit current on the y-axis. 
2.5.1.2. Open Circuit Voltage (VOC)  
Open Circuit Voltage (VOC) is the maximum voltage generated by a solar cell exposed to 
sunlight with no load connected. It occurs when the current passing through the cell is zero 
i.e. V at I = 0 = VOC. Figure 2.9 shows the open circuit voltage on the x-axis.  
2.5.1.3. Maximum Power (Pm), Current at Pm (Im), Voltage at Pm (Vm) 
The maximum power produced by the solar cell exposed to sunlight in Watts is called the 
maximum power (Pm) determined by the product of Im and Vm as: 
    m m mP I V                     (2.4) 
In order to achieve the maximum efficiency from the system, the PV solar cells must be 
operated at their Maximum Power Point (MPP). But, the MPP is directly influenced by the 
illumination spectrum, radiation and temperature of the solar cell [89]. Therefore, to maintain 
the maximum output from the PV system a control of Pm is needed [88].    
2.5.1.4. Fill Factor (FF) 
The Fill Factor, FF, is the ratio of the actual rated maximum power (Pm) to the theoretical 
maximum power (PT) as shown in Figure 2.9. It is a measure of the quality of the solar cell 
which mainly depends on the device’s series and shunt resistances. PT can be calculated using 
the following equation which is a product of VOC and ISC:  
 T OC SCP V I                                (2.5) 
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The FF can be calculated from the following equation: 
m m
SC OC
I V
FF
I V



                                                     (2.6) 
The FF is a key parameter to evaluate the performance of solar cells and panels. Typical 
commercial multi-junction solar cell have a FF >0.8 [90,91].   
2.5.1.5. Electrical Efficiency (ηelec) 
Electrical efficiency of the solar cell is the ratio of the power output (Pout) to the solar power 
input i.e. (Pin) into the PV cell. Pout in this case will be Pm while Pin is the product of the 
irradiance of the incident light measured in W/m
2
 with the surface area of the solar cell in m
2
 
as shown in the following equation: 
out m
elec
in
P P
P Irradiance Area
  

                  (2.7) 
 The efficiency of the solar cell is directly affected by the temperature variation of the solar 
cell surface, intensity and spectrum of the incident light. Therefore, it is recommended to test 
and compare solar cells using similar lighting and temperature conditions called Standard Test 
Conditions (STC) [88].  
2.5.2. Irradiation effect on solar cells 
Both voltage and current are functions of the light falling on the cell and the relationship 
between irradiance and output power can be illustrated in Figure 2.10a. It can be observed that 
the short circuit current (ISC) on the vertical axis is decreased by the reduction of the light 
intensity. This can be referred to the number of photons absorbed by the semiconductor 
material as it falls down at lower concentration. The improved efficiency under concentrated 
sunlight is related to the current and output voltage of a solar cell. The short circuit current 
(ISC) is considered to have a linear relationship with concentration ratio [92–94]. Moreover, 
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(a) (b) 
the open circuit voltage (VOC) on the horizontal axis increases with the light intensity [95]. 
The variation of the Voc as a function of the radiation is low compared to the variation of the 
Isc [88].  
Figure ‎2.10: Dependence of the I-V curve from irradiance (a) and temperature (b) [95]. 
2.5.3. Temperature effect on solar cells 
Solar cell surface temperature increases with the increment of the concentration ratio (CR). 
High and non-uniform PV surface temperature causes short-term and long-term cell 
degradation. The increase in operating temperature of the solar cell causes decrease in cell 
efficiency [25,29,38,41]. Although the current increases with the temperature as shown in 
Figure 2.10b, the output voltage decreases leading ultimately to reducing the electrical 
conversion efficiency. At open circuit voltage (I=0) the light generated current will be flowing 
through the diode and the equation for open circuit voltage can be written as [59,96,97]:  
0
0
ln scoc
kT I I
V
q I

                     (2.8) 
Since Isc >>Io, this equation can be rewritten as: 
0
ln scoc
kT I
V
q I
                     (2.9) 
Where k is the Boltzmann’s constant, T is the PV temperature and q is the electron charge. 
The equation of open circuit voltage indicates that the VOC is logarithmically related to the 
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reciprocal of the saturation current (𝐼0). With the increase in temperature, the intrinsic carrier 
concentration increases and this leads to an increase in reverse saturation current and 
eventually increases recombination current. Due to the increase in recombination current, the 
open circuit voltage of the solar cell decreases. The elevation in temperature has another 
effect on the semiconductor as it decreases the band gap of the material which decreases the 
output voltage. By decreasing the band gap, photons with lower energy can be absorbed 
which leads to increasing the photocurrent or called light generated current. But, the gain in 
ISC cannot compensate for the loss in VOC, which results in overall decrease in electrical 
output of the solar cell [59].  
If the HCPV solar cell temperature exceeds certain limit set by the manufacturer, it may cause 
also long-term degradation [38]. For instance, overheating can break the electrical 
connections and uneven temperature distribution can distort the module structure because of 
thermal expansion which leads to optical misalignments [60]. 
2.6. Solar Concentrators for CPV  
2.6.1. Introduction  
Solar concentrators are devices which focus incoming solar radiation onto a designated target 
area (PV) using light beam reflection or refraction for gaining higher solar concentration; this 
concept is known as CPV technology. Solar concentration using an optical concentrator such 
as a Fresnel lens [79,98–113], parabolic troughs [114], dishes [115,116] and compound 
parabolic concentrator [71,117–121] is one of the most effective methods of reducing overall 
energy generation costs [25]. PV under concentration operates at an irradiation level many 
times greater than that of direct un-concentrated sunlight. The solar cell electrical efficiency 
improves with increasing irradiation levels which ultimately delivers more power than a solar 
cell operated under direct sunlight [84,122]. Moreover, concentrating solar radiation on PV 
has the potential to replace the expensive PV material with cheaper optical elements which 
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Medium (3X-100X) 
High (≥100X) 
Optics 
Refractive or reflective 
Linear or Point-focus 
Solar cells 
Single-junction 
Multi-junction 
Cooling 
Passive 
Active 
Tracking 
One-axis 
Two-axis 
consequently reduce the total cost of the CPV system [46,49,122,123]. In the following 
sections, important concepts and terminologies related to the solar concentrators will be 
introduced.  
2.6.2. CPV configurations 
There are many different CPV system configurations. They can be classified based on the 
concentration level i.e. low, medium and high concentration. Also, CPV systems can be 
categorised based on the optics, solar cells, cooling mechanism and tracking system utilised 
as shown in Figure 2.11. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.11: Criteria used in CPV classification [124]. 
2.6.3. Concentration ratio 
There are several definitions of concentration ratio or factor in use. The most common is 
‘geometric concentration ratio’ , GCR , which can be defined as the area of the aperture (Aa) 
divided by the absorber or receiver area (Ar) [125]. The absorber area is the region of the cell 
that is designed to be illuminated.  
a
r
A
GCR
A
                     (2.10) 
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Another definition of the concentration ratio is termed as ‘flux concentration ratio’ (CR) 
which can be defined as the ratio of average energy flux on the absorber i.e. receiver to that at 
the aperture of the system [126]. The second definition takes into account the optical losses 
where the GCR is multiplied by the optical efficiency (ηopt) as shown in equation 2.11. Since 
the energy flux may not be homogeneous on the receiver surface, the flux average on the 
receiver is considered.  
a
opt
r
A
CR
A
                     (2.11) 
Optical concentration ratio is also called ‘suns’; one sun can be defined as the flux on 
aperture. For example, if the flux on the receiver is 10 times the flux on the aperture, then the 
concentration ratio is termed as 10 suns or 10X. Furthermore, one sun can be defined as 1000 
W/m
2
 which is the case in the current study.  
The CPV systems are divided into three classes based on the geometric concentration ratio 
[127]: 
 Low Concentration Photovoltaic (LCPV): the typical concentration ratio is below 
3X. Single-junction silicon solar cells are mostly associated with this type of 
concentration. 
 Medium Concentration Photovoltaic (MCPV): the typical concentration ratio of 
this type lies between 3X and 100X. Silicon or other cells such as thin-films can be 
integrated in this type of concentration.  
 High Concentration Photovoltaic (HCPV): the typical concentration ratio of this 
type is above 100X.  Multi-junction solar cells are classically integrated with this type.  
The range of the concentration ratio for each category may vary depending on the author or 
the publication date. The HCPV systems developed by the CPV companies have a share of 
44% of the market [124,127]. 
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2.6.4. Acceptance angle 
Acceptance angle (2θ) can be defined as the incidence angle corresponding to 90% of the 
maximum optical efficiency at normal incidence [33,108,128]. Concentration limit (Cmax) is a 
function of refractive index of the material (n) and half acceptance angle (θ) as shown in the 
equations below [129,130]: 
max
n
sinθ
C     (for 2-D concentrators)               (2.12) 
2
max 2
n
sin θ
C    (for 3-D concentrators)                           (2.13) 
3-D concentrators have a better potential for higher concentrations than the 2-D concentrators 
with the increase of the acceptance angle as the concentration ratio decrease gradually and the 
effect of the refractive index is squared [129,130]. If the concentration is set too high (Cmax), 
the acceptance angle (2θ) will be very small i.e. more precise and expensive sun tracking 
system to maintain the CPV module facing sun with an error within the acceptance angle limit 
is needed. Also, narrower angles of acceptance may lead the optical system to suffer more 
from misalignment and therefore the whole HCPV system performance is reduced. Therefore, 
an additional optical element can be integrated to increase the acceptance angle and maintain 
the optical performance as described below.  
2.6.5. Secondary Optical Element (SOE) 
Besides the Primary Optical Element (POE) some HCPV systems include a SOE which is 
mainly used to increase acceptance angle or instead to increase concentration [126]. 
Moreover, SOE is integrated as a classical method to improve the irradiation uniformity on 
the receiver surface as shown in Figure 2.12 which ultimately prevent the degradation of the 
solar cell’s life and improves the electrical conversion efficiency [25,109,131]. They are 
applicable to be used with reflective or refractive CPV systems. However, they are most often 
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integrated in high concentration PV systems typically point-focus Fresnel lenses in which 
concentration ratios is more than 100 suns [126]. Figure 2.12a shows that any misalignment 
of the incident light on the POE may shift the focused light which reduces the optical 
efficiency of the system. To accommodate this misalignment, SOE is used as shown in Figure 
2.12b. There are many different types of SOE which can be either refractive, reflective or 
both. For example, V-trough, refractive CPCs, refractive silos and hollow inverted pyramid 
reflector [126,132]. The only drawback of using SOE is that the optical efficiency is reduced 
by the increasing number of optical components in the optical system.  
 
Figure ‎2.12: (a) System without secondary optics; (b) System with secondary optics [60]. 
 
2.6.6. Types of Concentrator optics  
Most concentrator optics found in the literature can be either refractive such as lenses or 
reflective like mirrors or a combination of both [126]. Figure 2.13 shows the principle of CPV 
optics using lenses and mirrors. The reflector or refractor concentrator directs the radiation to 
the receiver. Different concentrator profiles and designs for various applications are 
developed over the years to achieve high optical efficiency [100,103,133]. The reflector and 
refractor optics can be divided into two types: imaging and non-imaging concentrators 
[59,134,135]. The concentrators with imaging optics make an image of the sun on the receiver 
such as convex lens; whereas concentrators with non-imaging optics do not form an image of 
(b
) 
(a
) 
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Incoming light 
the sun but only concentrate the solar irradiation into the receiver like Compound Parabolic 
Concentrator (CPC) [59,134].  
 
Figure ‎2.13: The principle of CPV optics: lens (on the left); mirrors (on the right) [136]. 
2.6.6.1. Refractive optics 
Lenses of any size over 5 cm in diameter is too thick and costly to be practical; hence, Fresnel 
lenses are usually used [126]. A Fresnel lens is essentially chains of prisms and can be 
thought of as a standard Plano-Convex lens that has been collapsed at a number of locations 
into a thinner profile. Fresnel lenses may be divided into: point and linear focus. Point-focus 
Fresnel lens has a circular symmetry about their axis (Figure 2.14a); this configuration usually 
uses one cell behind each lens. Whereas, linear focus Fresnel lens has a constant cross section 
along a transverse axis and focus the light into a line as shown in Figure 2.14b [126]. Domed 
Fresnel lens is one type of linear configuration of the Fresnel lens as illustrated in Figure 
2.14c [126]. Also, Fresnel lenses are divided into two categories: imaging and non-imaging. 
Non-imaging design Fresnel lenses are generally of convex shape to get high concentration 
ratio and flux distribution with short focal length [100]. Fresnel lenses are generally used for a 
high concentration ratio system and as such require a tracking system. The common material 
of Fresnel lens is Acrylic plastic (Polymethyl methacrylate or PMMA), which molds well and 
when combined with ultraviolet (UV) stabiliser has shown good weatherability [24,124,126]. 
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In order to increase the durability of such lenses, there are attempts to make these lenses from 
glass or to mold the lens material to the underside of a glass substrate. Fresnel lenses are 
usually incorporated into modules that contain a lens or multiple lenses, a housing to protect 
the back side of the lens from dust and dirt deposits and a solar cell. 
  
Figure ‎2.14: Fresnel lens configurations. (a) Point-focus Fresnel lens showing a typical ray 
hitting the circular active area of the solar cell. (b) Linear, or one-axis, Fresnel lens focusing 
on a line of solar cells in a string. (c) Domed linear Fresnel lens [126]. 
Refraction is characterised by Snell’s law, which was initially stated in 1621 by the Dutch 
astronomer and mathematician Willebrord Snell [134]. Referring to Figure 2.15b for the 
definitions of the symbols [88]:  
sin
sin
i t
t i
n
n


                    (2.14) 
sin sini i t tn n                               (2.15) 
Where ni and nt are the two different refractive indices of the materials, θi and θt are the angle 
of incidence and refraction of the ray with respect to the surface normal respectively. 
Simple geometric shapes are analysed analytically using these relations, however modern 
practice is to utilise advanced ray-tracing softwares to solve these equations numerically 
which will be used in the current study. The refraction usually happens between two different 
(a) 
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mediums or materials, the angle of the incident ray with the normal in the first medium and 
the angle of the refracted ray with the normal in the second medium [126,134,88].  
 
 
 
 
 
Figure ‎2.15: Representation of the laws of reflection (a) and refraction (b) [88]. 
2.6.6.2. Reflective optics 
Reflective lenses or mirrors can be used as an alternative to refractive lenses. A reflective 
surface with the shape of a parabola will focus all light parallel to the axis of the parabola to a 
point located at the parabola’s focus [126]. Like lenses, parabolas can be a point-focus 
configuration, which is made by rotating the parabola around its axis and creating a 
paraboloid, and line-focus configuration, which is formed by translating the parabola 
perpendicular to its axis. These configurations are shown in Figure 2.16 [126].  
Generally, parabolic concentrators are used for thermal applications where a high temperature 
is needed and irradiation uniformity is not a big issue. However, there are some projects 
where parabolic dish concentrators are used for PV applications which are more expensive 
compared to other designs [88,137]. Referring to the law of reflection, the incident ray and the 
direction of the reflected ray make the same angle with respect to surface normal as shown in 
Figure 2.15a i.e. : 
   ( )     ( )i rAngle of incidence angle of reflection                (2.16) 
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Figure ‎2.16: Reflective concentrator configurations. (a) Reflective paraboloid, or dish, 
focusing on a cell array. (b) Linear parabolic trough focusing on a line of cells [126]. 
 
2.6.7. Literature review on Fresnel lens High Concentrator PV (HCPV)  
In the field of concentrated solar energy applications, Fresnel lenses have been one of the best 
choices recently; they have many advantages when compared to other concentrators such as: 
small volume, light-weight, mass production with low cost and effectively increase the energy 
density [100]. In 1961, research on Fresnel lens for concentrated Photovoltaic power 
generation started when Oshida investigated the Photovoltaic applications with Fresnel lenses 
based on spectral distribution considerations [100,138]. The efficiency and intensity 
variations of a 3 M company circular Fresnel lens as a solar concentrator was determined 
through experimental and analytical methods by Harmon [139]. The conclusion of that study 
is that the lens was an inefficient concentrator with losses ranging from 20-80% as the focal 
distance decreased. However, the lens was adequate for low concentration applications with 
Photovoltaic systems.  
James et al. discussed the economic feasibility of concentrator Photovoltaic systems based on 
maintaining high cell conversion efficiency, a high optics transmission efficiency and a low 
structure cost per unit area [140]. It was found by both theoretical and experimental methods 
46 
 
that the conversion efficiency of concentrator solar cells is reduced by illuminating the solar 
cells with a non-uniform flux density. Moreover, the structure cost was reduced by increasing 
the allowable tracking error. Therefore, flux density uniformity, optical transmission, 
allowable tracking error, cost per unit area and lifetime are some important criteria for Fresnel 
lens Photovoltaic concentrating optics.  
Many concentrated Photovoltaic products came out during 1980s. New research was focused 
on tracking system, cooling techniques for solar cell, high concentration system and other 
shapes of imaging Fresnel lens [100]. Nakata et al. fabricated a 300 W polar axis tracking 
concentrator with 36 circular Fresnel lenses (40 cm x 40cm) to obtain a uniform light 
distribution [141]. It was shown that the optical efficiency of the lens was 83% and the output 
power was about 50% higher than that of the commercial lens. The output power from a 
typical concentrator cell is 9.13 W with 12% cell efficiency under 4.7 W/cm
2
 sunlight at 38 
o
C and the output power from five concentrator units was 253.7 W with 10.2% total cell 
efficiency.  
The distribution of the received flux on the absorber is a key problem especially at high 
concentration ratios as Photovoltaic cells require uniform flux and direct radiation for 
optimum performance [101,142,143]. Jebens et al. presented a specially designed Fresnel lens 
where a solar cell located on the axis of the lens at its focal plane [144]. The lens was 
designed so that its central facets direct the light from the sun towards the outer boundary of 
the cell. Similarly, the facets at the boundary of the lens project light progressively toward the 
centre of the cell to obtain a uniform distribution of light on the cell. Lastly, the adjacent 
groups of facets of the lens direct the light alternately in front and beyond the cell to maintain 
a constant light intensity for a certain depth of focus of the lens.  
Since 1990s, and due to the previous work concentrated Photovoltaic systems based on 
imaging Fresnel lenses became more mature [100]. The research and development works 
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covered many fields such as bifocal Fresnel lens for multi-junction solar cells [145], space 
concentrator Photovoltaic modules [146,147] and field test of concentrator Photovoltaic 
system [148]. Moreover, more concentrated photovoltaic projects based on imaging Fresnel 
lenses were initiated in several countries [100]. Davies studied a design with two-stage 
concentrator where a single-surface refractive spherical lens used as a secondary optical 
element with the primary Fresnel lens concentrator to increase the concentration ratio further 
and reduce the non-uniform illumination negative effect on the performance of the solar cell 
[149]. Figure 2.17 shows a cross section view of the two-stage axially-symmetric 
concentrator. In the design, Fresnel lens with maximum concentration ratio of about 100 
times at F-number =1.37 has been enhanced using the two-stage concentrator system to 
maximum concentration of 530 times at optimum F-number = 2.84. 
 
 
 
 
 
 
 
 
 
Figure ‎2.17: Sketch showing a cross section through a two-stage, axially-symmetric 
concentrator with Fresnel lens as primary and single-surface spherical lens as secondary 
[103]. 
Whitfield et al. compared some 90 possible small PV concentrator designs in terms of 
performance and volume production costs that might be suitable for use at remote sites 
including point-focus Fresnel lens with two-axis tracking and linear Fresnel lens with solid 
Compound Parabolic Concentrator (CPC) secondary optical element and two-axis tracking 
[150]. The advantages of this prototype are maximum beam insolation collection, potential for 
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simple mass-produced optics and the use of CPV housing as heat sink. But, the high cost is 
the main disadvantage of this prototype due to the need for two-axis tracking system. Also, 
flat Fresnel lenses are found less efficient than domed ones at F-numbers below about 1.1 due 
to the reflection losses at the second surface where incidence angle is large.  
Andreev et al. used a composite (glass–silicone) panel secondary lens between the primary 
Fresnel lens and the solar cells to increase the system concentration ratio to more than 1000X 
[151] and to improve environmental protection of the solar cell. Although after introducing 
the secondary lens the optical efficiency of the system reduced by 6.25%, the secondary lens 
increased the off-normal angular acceptance.  
Recently, attempts to enhance the solar flux uniformity on the receiver by developing unique 
Fresnel lens designs without the need to include secondary optical element have been 
reported. Ryu et al. proposed a new configuration of solar concentration optics utilising 
modularly faceted Fresnel lenses to achieve a uniform intensity on the receiver surface with a 
moderate concentration ratio [152]. In the design, a modular Fresnel lens composed of a 
number of lens units, refract the normally incident solar radiation onto the absorber as shown 
in Figure 2.18. The distribution of the solar flux at the receiver was simulated using ray-
tracing technique for 9, 25, 49, 81 and 121 suns concentration ratios. The predicted uniformity 
of irradiance distribution at the solar cell plane was reported to be within 20% with an optical 
efficiency larger than 70% at concentration ratio of less than 50 suns.  
Pan et al. designed a Fresnel lens where each pitch focused to a different position on the 
receiver to improve the solar flux uniformity without the need to a secondary optical element 
[108,153]. However, the acceptance angle of the design was low i.e. only about 0.3
o
.  
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Figure ‎2.18: (a) Facet directions of the modularly faceted Fresnel lens (b) a 3D view of the 
concentration optic [144,145]. 
In 2014, Zhuang et al. also redesigned the ring structure of a hybrid Fresnel-based 
concentrator which consists of two parts the inner and the outer part [153,154]. The inner part 
is the conventional Fresnel lens, while the outer part is double the total internal reflection 
(DTIR) lens. Rearrangement of the rings resulted in a significantly improved irradiance 
uniformity i.e. less than 16.2% as shown in Figure 2.19.  
 
 
 
 
 
 
 
 
Figure ‎2.19: Improved irradiance distribution of Fresnel lens. By rearranging, or horizontally 
‘flipping’ the Fresnel lens rings (a) an improved, more uniform irradiance distribution is 
obtained as shown in (b) [153]. 
Fresnel lens design has been through improvement processes since the official invention in 
1822, especially Polymethyl methacrylate (PMMA). From the review above, it can be 
concluded that Fresnel lenses are able to raise the concentration ratio to a high level using 
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cheap Acrylic material. Moreover, the total CPV system cost can be reduced by using less 
semiconductor material when integrated with Fresnel lens. On the other hand, non-uniform 
illumination, high surface temperature and small acceptance angle are the main challenges 
when point-focus Fresnel lens is utilised. Recently, multi-junction solar cells have been 
integrated with Fresnel lens based HCPV systems and therefore more numerical and outdoor 
experimental investigations are needed to evaluate the effect of these challenges on the HCPV 
performance. Ray tracing methodology is an important tool that will be used to investigate the 
optical efficiency of the imaging Fresnel lenses, the incident rays uniformity on the receiver 
and the maximum acceptance angle.  
2.7. Tracking systems for High Concentrator PV (HCPV)  
Concentrator PV systems only makes use of the Direct Normal Irradiation (DNI) of solar 
radiation; they don’t collect diffuse or scattered radiation [122]. Therefore, they require a 
continuous and precise tracking system to ensure the sun light enters the aperture of the 
module within the acceptance angle throughout the day and the year. The tracking precision 
required is imposed by the acceptance angle of the optical system and a secondary 
concentrator is added to the optical system in order to relax the demand. Sun tracking systems 
are usually grouped into two types: one and two axis trackers. The tracking requirement in a 
CPV system is dependent on the concentration ratio of the system; generally, one-axis 
tracking is sufficient for low concentration levels. Two-axis tracking system is more 
applicable at high concentration ratios where the acceptance angle is smaller. In case of point-
focus optics, the optical components are generally required to track the sun along two axes 
rather than one axis [126]. From a mechanical point of view, two-axis tracking systems are 
more complex than one axis-tracking. However, point-focus systems can reach higher 
concentration ratios and hence lower cell size and cost. Line-focus reflective troughs need 
only to track along one axis such that the image falls along the focus line. On the other hand, 
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linear Fresnel concentrators suffer severe optical aberrations when the sun is not 
perpendicular to the lens’ translation axis. Therefore, linear Fresnel systems are generally 
limited to two-axis tracking [126].  
2.7.1. Two-axis tracking system 
A tracking system with two axes allows the CPV to be pointed exactly toward the sun 
position during all day through the year. Depending on location, this type of tracker may lead 
to an increase of about 35% in the yearly energy yield [124]. There are three types of two-axis 
systems illustrated in Figure 2.20 [126]: 
 Pedestal form: uses a central pedestal supporting a flat tracking array structure. 
Tracking is usually performed by a gearbox, which tracks the array along vertical axis 
(the azimuth rotation) and along a horizontal axis (the elevation rotation). The 
advantage of this configuration is the simplicity of installation while the disadvantage 
is the wind loads which are transmitted to the central gear drive in the form of very 
large torque, requiring large capacity gears (Figure 2.20a).  
 Roll-tilt structure: here wind loads on drive components are considerably reduced; 
however more rotating bearings and linkages are required which make the installation 
of the system more complicated. The roll axis is usually placed in a north-south 
direction to minimise shadowing by adjacent modules along the roll axis. It is also 
necessary to have a tilt axes that moves according to the height of the sun (Figure 
2.20b and c).  
 TurnTable: this configuration provides for the lowest profile and lowest wind 
loading, and can use rather small drive components and support members (Figure 
2.20d). However, it presents the most complex installation scenario.    
The selection of tracker type listed above is dependent on many factors such as land 
constraints, latitude, wind loads, ease of installation and installation size [126].   
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(d) 
(b) 
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Figure  2.20: Two-axis tracking configurations: (a) Two-axis tracker with elevation and 
azimuth tracking mounted on a pedestal. (b) Roll-tilt tracking arrangement using central 
torque tube. (c) Roll-tilt arrangement using box frame. (d) TurnTable two-axis tracker [126]. 
2.7.2. Single-axis tracking system 
Single-axis tracking systems provide lower yield than dual-axis but are cheaper to produce 
with less  technical faults [124]. One of its main advantages is the minor wind sensitivity 
since the installation height is lower besides the less space requirements. The most common 
one-axis structure designs are horizontal axis and polar-axis as shown in Figure 2.21 [126]. 
Horizontal-axis configuration is more common choice due to the simplicity and low profile 
when compared to polar-axis tracker.    
 
 
 
 
Figure ‎2.21: One-axis tracking configurations. (a) One-axis horizontal tracker with reflective 
trough (b) One-axis polar axis tracker with reflective trough [126]. 
(a) (b) 
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2.8. Cooling systems for CPV  
2.8.1. Introduction  
One of the main concerns when developing concentrating Photovoltaic systems is cooling the 
solar cell. Cells under excess temperature may suffer both short-term (efficiency loss) and 
long-term (irreversible damage) degradation [38,155]. The cooling system design challenges 
that have to be considered include low and uniform cell temperatures, system reliability, 
sufficient capacity to deal with ‘worst case scenario’ and minimal power consumption by the 
system [38]. Depending on the electrical efficiency of the solar cell, only a fraction of 
incoming sunlight striking the cell is converted into electrical energy. The remainder of the 
absorbed energy will be converted into heat which may cause the solar cell surface 
temperature to rise unless the heat is efficiently dissipated to the environment. In the 
following section, major cooling system development aspects are described.  
2.8.2. Major development considerations for cooling PV cells  
Cell temperature: the photovoltaic cell efficiency decreases with increasing its temperature 
[25,29,41]. If the temperature exceeds the operating range (up to 100
o
C in case of MJ solar 
cell) then the life of the cell will also exhibit long-term degradation [156]. The manufacturer 
of the solar cell will generally specify a given temperature degradation coefficient, normal 
operating temperature and the maximum operating temperature of the cell [90].  
Uniformity of temperature: the cell efficiency decreases due to non-uniform temperatures 
across the solar cell surface [38,157]. Non-uniform temperature is more serious in a 
photovoltaic module where solar cells are connected in series and the output current will be 
limited by the solar cell that gives the smallest output. This is known as the ‘current 
mismatch’. Since the cell efficiency decreases with increasing temperature, the cell at the 
highest temperature will limit the efficiency of the whole module. This problem can be 
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avoided by introducing bypass diodes to the module which bypass cells when they reach a 
certain temperature or by maintaining a uniform temperature across each series connection 
[38]. 
Reliability and simplicity: reliability of the cooling system is important as any failure may 
lead to the destruction of the solar cell. The cooling system should be developed to tolerate 
the ‘worst case scenarios’ such as power outages, tracking inconsistencies and electrical faults 
within modules. To maintain costs to a minimum, the cooling system should be simple and 
reliable.  
Usability of thermal energy: to make HCPV system more economically feasible, the 
extracted thermal energy can be used in different thermal applications [39,158]. This hybrid 
system described as high concentrator PV thermal (HCPV/T) where the output is not only 
electrical but also thermal energy [40,116,155,158–161]. Thermal energy when utilised can 
lead to a significant increase in the total conversion efficiency of the receiver [40,161]. 
Therefore, it is desirable to have an open-loop cooling system that delivers water as high 
temperature as possible.  
Pumping power: the power required of any active component of the cooling circuit is needed 
to be minimised. Although turbulent flow dissipates heat more effectively than laminar flow, 
it causes pressure drop in the cooling channel which ultimately leads to a higher power 
consumption to run the pump [155]. This aspect is crucial during designing and selecting the 
cooling system. 
Material efficiency: cost and weight of the cooling system have to be considered during the 
selection of materials’ type and quantity.  
2.8.3. Cooling for various concentrator geometries  
Since the requirements for cell cooling differ significantly between the various types of 
concentrator geometries, cooling of concentrator PV can be grouped based on the 
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concentrator PV configuration. The issue of shading has to be considered in designing the 
cooling system for mirror concentrators. If lenses are used, the cells are generally placed 
underneath the light source so there is no problem of shading by the cooling system. 
However, in mirror systems the cells are normally illuminated from below, such as parabolic 
dish, which makes shading an important issue in the cooling system development. In the 
following sub-sections, three types of concentrator PV configurations i.e. single cells, linear 
geometry and densely packed modules are described with particular attention to the cooling 
requirements [38]. 
2.8.3.1. Single cells  
In small point-focus concentrators, sunlight is focused onto each cell separately. This means 
that each cell has an area equal to the concentrator available for heat sinking as shown in 
Figure 2.22. For example, a cell under 50X concentration should have 50 times its area 
available to dissipate the heat i.e. 50 times the cell area heat sink geometry can be attached for 
passive cooling. This method is effective to remove the excess heat from the solar cell but the 
extracted thermal energy will be wasted to the atmosphere. Therefore, active cooling has an 
advantage of collecting the thermal energy and using it in different thermal applications which 
ultimately increase the total conversion efficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.22: Single-cell concentrator: area below the cell is available for heat sinking [38]. 
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2.8.3.2. Linear geometry 
To focus light onto a row of cells, line focus systems are typically used including parabolic 
troughs or linear Fresnel lenses. In this configuration, since two of the cell sides are in close 
contact with the adjacent cells, the cells have less area available for heat sinking. The areas 
available for heat sinking extend from two of the sides and the back of the cell as shown in 
Figure 2.23.  
 
Figure ‎2.23: Linear concentrator: sides and back areas are available for heat sinking [38]. 
2.8.3.3. Densely packed modules 
In large point-focus systems, like paraboloidal dish and heliostat field, the receiver generally 
consists of an assembly of densely packed cells. To increase the illumination uniformity, the 
receiver is usually located slightly away from the focal plane and the secondary optical 
element is used. This configuration is more challenging to cool than the two previous 
configurations since except for the edge cells each of the cells only has its back side available 
for heat sinking as shown in Figure 2.24b. So, the cooling mechanism has to dissipate the 
entire heat load in a direction normal to the module surface. Therefore, active cooling in this 
configuration at their typical concentration levels may be considered better than passive 
cooling choice [38].  
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Figure ‎2.24: (a) Parabolic dish with densely packed modules at the receiver, (b) Area 
available for cooling is only the rear side of the dense array [60]. 
2.8.4. Literature review on High Concentrator PV (HCPV) cooling   
In this section, the two main methods of cooling i.e. passive and active for a single CPV 
geometry will be described.  
In 1980, Edenburn carried out a cost-efficiency analysis of a point-focus Fresnel lens array 
under passive cooling [38,162]. The cooling device as shown in Figure 2.25 was made up of 
linear fins on all available heat sink surfaces. Concentration ratios considered are 50, 92 and 
170 suns. The analysis includes the cost of the aperture (lens and cell) area and the heat sink 
area to optimise the cooling geometry. In his search for cost-effectiveness, Edenburn also 
suggested housing the cell assembly in a painted aluminium box and to use its bottom as 
finless heat sink. He stated that during calm air conditions, radiation is the most important 
component of heat loss. On extreme days at a concentration level of about 90 suns the heat 
sink was able to maintain the cell temperature below 150 
o
C. Edenburn concluded that for 
point-focus arrays, the cost of passive cooling increases with lens area. The reason is that as 
the concentrator area increases, a thicker and more expensive heat exchanger is required. On 
the other hand, the thermal resistance between the substrate and the heat sink becomes critical 
when the concentration level increases.  
(a) (b) 
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Figure ‎2.25: Passive heat sink for a single cell as suggested by Edenburn [38,162]. 
Edenburn also considered utilising active cooling on his point-focus arrays described above. 
Solar cells were placed in rows with one rectangular cooling channel running along the back 
of each row. For cost comparison purpose between the different cooling techniques, the 
possible advantage of using the thermal energy extracted by the coolant was not taken into 
consideration. However, he concluded that if this was considered, active cooling would 
almost certainly be the most cost-efficient solution [38,162]. Without utilising the output 
thermal energy, active cooling would be more expensive than passive cooling for single cells.  
The only exemption would be for very large lenses i.e. more than 30 cm in diameter as at this 
size the cost of active and passive cooling become almost the same.  
Minano developed a thermal model for passive cooling of a single cell under high 
concentrations [38,163]. Similar to Edenburn, Minano concluded that passive cooling is more 
efficient for cells if their size is reduced. Minano recommended that cells should be 
maintained below 5 mm diameter and concluded that heat sinks mechanism for these cells 
would be similar to those used for power semiconductor devices.  
Araki et al. presented results that show the effectiveness of passive cooling of single cells 
[38,164]. In this study, an array of Fresnel lenses focus the light onto single cells with 
concentration ratio of 500X mounted with a thin sheet of thermally conductive epoxy onto a 
heat spreading Aluminium plate. Outdoor experimental results show that the cells’ 
temperature rise over the ambient temperature by only 18 
o
C without the need for a 
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conventional heat sink. Moreover, the good thermal contact between the cell and the heat 
spreading plate is important to maintain the cell temperature low. Methods to enhance this 
could be to reduce the epoxy layer thickness, or to use an epoxy with high thermal 
conductivity. 
The possibility of cheap and simple installation made finless type of heat sink in passive 
cooling more attractive for CPVs. In 2011, Mo et al. tested experimentally the passively 
cooled Fresnel lens CPV module using Aluminium plate as a heat spreader [165,166]. The 
experimental results show that under concentration ratio of 20 suns, the solar cell temperature 
was below 76 
o
C. 
Anderson et al. investigated the heat pipe cooling for CPV using different working fluids and 
analysed the fin size and their spacing for absorbing the heat by natural convection from the 
CPV module with a total cell to ambient temperature rise of only 40 K under concentration 
ratio of 400X [167,168]. Heat pipe has the ability to transport large amount of heat from the 
evaporator to the condenser and perform effective cell cooling at high solar concentration. 
But, the possibility of dry-out at the evaporator section of the heat pipe will limit its heat 
transport capability under high solar concentration and damage the PV cell. Akbarzadeh and 
Wadowski also used heat pipe for CPV cooling of polycrystalline silicon solar cells and 
compared the PV power electrical output with and without heat pipe cooling and found that 
the output was doubled under the heat pipe cooling with cell-to-ambient rise of 46 K [169]. 
The comparison of the heat pipe cooling and water cooling on the performance of solar cell 
has been analysed by Farahat [170] who concluded that active cooling using water can 
become PV thermal (PV/T) collector which have advantages like lower produced energy cost 
and using the produced heat from the system. 
Du et al. developed a CPV module with active water-cooling system in Southeast University, 
China [168]. They concluded that the electrical and thermal efficiency of the system increased 
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with increasing the cooling water flow rate to a certain value then the heat extracted by the 
cooling water reached saturation level where the efficiency did not increase any further.  
 The microchannel heat sink is a concept suitable to many electronic applications due to its 
ability to remove large amount of heat from a small area [38]. Tuckerman and Pease first 
suggested the microchannel heat sink; it is based on the fact that the convection heat transfer 
coefficient is inversely proportional with the channel hydraulic diameter [171]. Later studies 
have revealed two major drawbacks to the microchannel heat sink. First, a large temperature 
gradient in the stream direction and a significant pressure drop that leads to high pumping 
power requirements [38].     
Kessel et al. presented a geometrical concentration ratio of 2500 sun Fresnel lens concentrator 
for use with a triple-junction III-V solar cell from Spectrolab Inc [172]. The tested solar cell 
had a nominal cell efficiency of 35% and recommended operating cell temperature limit of 85 
o
C. A high performance metal thermal interface and an active liquid cooling method for 
dissipating the high solar heat flux were used in the cooling system as shown in Figure 2.26 
[166,172]. Experimental results showed the effectiveness of the cooling system such that the 
cell temperature was maintained below 85 
o
C under concentration ratio of 2000X.  
 
Figure ‎2.26: Active liquid cooling system for triple junction solar cell at 2000 suns solar 
concentration [172]. 
Theristis et al. developed a thermal model to predict the thermal behaviour of a 10x10 mm
2
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PV cell in order to examine the most efficient and cost effective cooling system for a 500X 
concentrating PV cell [173]. It was shown that passive cooling of a HCPV system with 
concentration ratio of 500X is insufficient to maintain the solar cell below 80 
o
C (the 
operating temperature limit set by the manufacturer) especially at high ambient temperatures.  
The analysis in the literature above shows that passive and active cooling have been utilised 
for removing heat from high-illumination photovoltaic cells. Passive cooling method is more 
reliable and cost effective due to the absence of moving parts. However, passive cooling has 
lower heat dissipation rates than active cooling system and its dissipation performance is 
mainly influenced by the ambient conditions such as air temperature and wind speed. 
Therefore, more investigations have to be undertaken to find the optimum solution for each 
case of CPV system. Hybrid concentrating PV systems which produce electrical and thermal 
energy is reviewed below. 
2.8.5. Literature review on High Concentrator PV/Thermal (HCPV/T) 
There are many advantages of concentrator Photovoltaic and thermal (CPV/T) over the CPV 
cooling system. If the CPV receiver is actively cooled, the additional thermal energy product 
is attained at almost no additional cost. Also, delivering the output heat to the consumer 
should add no more than 5% to the system cost [160]. In contrast to PV/thermal (PV/T) flat 
collectors, the by-product heat from PV/T is only limited to low-temperature applications for 
instance water and space heating [160] while in CPV/T the generated heat from the receiver 
can be utilised in more demanding processes such as industrial process heat, solar thermal 
water desalination, or solar cooling and air-conditioning [174].  
Kribus et al. presented and analysed the electrical and thermal performance of a developed 
novel miniature CPV/T [160]. The total efficiency of the system was high, about 80%, with 
electrical efficiency of about 20% at low temperature and was gradually reduced at elevated 
temperature but the lost electrical energy was mostly recaptured as thermal energy. The 
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Australian National University has developed a concentrating solar PV-thermal system by 
using parabolic trough with geometric concentration ratio of 37X [175]. The thermal 
efficiency of the system was around 58% and electrical efficiency was about 11%, therefore 
total efficiency of 69% under typical operating conditions.  
Mittelman et al. [159] studied the economic feasibility and performance of a CPV/T system 
with single effect absorption cooling. The results show that the combined solar cooling and 
power generation plant can be comparable to, and sometimes better than, the conventional 
alternative. Also, Mittelman et al. [116] performed a study on a combined CPV/T and a multi-
effect evaporation desalination plant to produce electricity and simultaneously exploits the 
waste heat of the PV cells to desalinate water. A detailed FEA/CFD simulation was carried 
out to determine the annual production of electricity and desalinated water. The cost of 
desalinated water was estimated and compared to that of alternative conventional and solar 
desalination plants. The results show that the proposed coupled plant can have a significant 
advantage relative to other solar desalination methods. Moreover, CPV/T desalination in 
some cases is more cost-effective than conventional desalination.    
Kerzmann and Schaefer presented a thermal simulation of a linear CPV  system with an active 
cooling system under Phoenix Arizona solar and climatic conditions for a full year [176]. The 
simulation included the modelling of a GaInP/GaAs/Ge triple-junction solar cell, the fluid and 
heat transfer properties of the cooling system and the storage tank. The output data from the 
simulation was used to evaluate the linear CPV system from an economic and environmental 
view. Results showed that using the linear CPV over one year would save a residential user 
$1623 in electricity and water heating at the same time displaces 10.35 tons of CO2.  
Renno and Petito developed a mathematical model in order to evaluate the thermal and 
electrical performance of different configurations of CPV/T system including triple-junction 
solar cell for domestic application in Italy [158]. Two different types of optical devices were 
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considered: Fresnel lenses and parabolic mirrors. The model allowed the analysis of CPV/T 
system at different time levels (yearly, monthly, daily and hourly) in terms of: cell efficiency, 
cell and fluid temperatures, thermal and electrical energy provided by the single cells. It has 
been observed that the fluid outlet temperature equal to about 90 
o
C allows using an 
absorption heat pump with a CPV/T.  
Xu et al. presented the outdoor performance of a point-focus Fresnel HCPV/T with triple-
junction solar cells [40]. The system produced both electricity and heat with electrical 
efficiency of 28% and the highest thermal efficiency achieved was 54% which means the 
overall system efficiency can reach 80%. In order to overcome the difficulty of measuring the 
cell temperature in the system, a mathematical model was developed. The characteristics of 
the electrical performance under various irradiations and cell temperatures were also studied. 
The results showed that direct solar radiation dominantly affects the electrical performance. In 
2016, Xu et al. also developed electrical and thermal models for a point-focus Fresnel lens 
HCPV/T module by numerical methods [161]. The electrical model was based on the 
Shockley diode equation, and the thermal model was based on a two-dimensional steady-state 
heat transfer. The inputs to the models consisted of irradiance, ambient temperature, wind 
speed, water temperature and mass flow rate. The outputs included mainly electrical and 
thermal efficiency. The simulation results of both models were compared with outdoor 
experimental results for validation purposes. The results showed that the overall efficiency of 
the HCPV/T can exceed 80% with electrical and thermal efficiency of 28% and 60% 
respectively. Also, it was found that electrical efficiency was mainly influenced by solar 
irradiation and the thermal efficiency increased with the increment of irradiance, ambient 
temperature and water mass flow rate. The HCPV/T module produced hot water at 
temperature as high as 70 
o
C without decreasing the electrical efficiency significantly. Finally, 
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it was indicated that the integration of CPV module with point-focus Fresnel lens and thermal 
collector can enhance the overall solar conversion efficiency.  
Utilising the thermal energy in HCPV/T system is a promising concept where the cost of 
active cooling can be compensated. Most of the research work was based on silicon low or 
medium CPV/T. Reports on outdoor performance of a single cell high concentrator 
Photovoltaic/Thermal (HCPV/T) system integrating point-focus Fresnel lens and multi-
junction solar cell with geometric concentration ratio of more than 100X are limited, and even 
less in harsh environments like Saudi Arabia.  
2.9. Summary  
From the literature survey conducted, the following conclusions are put forward:  
 Unlike crystalline silicon PV, multi-junction PV is an emerging technology where 
more research and investigation needs to be carried out to evaluate its performance in 
different areas of the world where climate conditions differ significantly.  
 Multi-junction solar cell is a promising technology with electrical efficiency of more 
than 40% which has been recently integrated with high concentration systems for 
terrestrial applications.  
 Point-focus Fresnel lens is effectively able to increase the energy density on the 
receiver to a high concentration.  
 Although, several designs have been reported for HCPV systems, certain issues still 
arise during operations which are: solar cell high surface temperature, non-uniform 
illumination and the formation of hot spot on the PV surface, small acceptance angle  
and high cost. More research is needed in this area to quantify the performance of 
HCPV systems at different environments and to take the necessary steps for 
optimisation purpose.  
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 Optical modelling using ray tracing method is an effective tool to examine HCPV 
optical performance. In this study, this method will be used for developing the primary 
and secondary optical element with minimum irradiation non-uniformity on the 
receiver and increased acceptance angle to maximise the optical efficiency. 
 Electrical modelling for a Single-Junction solar cell using Shockley equation has been 
used to evaluate the PV electrical performance. In this research, a mathematical model 
will be developed and assessed to predict the performance of the multi-junction solar 
cell.   
 Thermal modelling using Finite Element Analysis (FEA) and Computational Fluid 
Dynamics (CFD) is a valuable tool to predict the PV surface temperature under 
different concentration ratios and ambient temperatures and consequently the level of 
cooling needed.  
 The literature described various passive and active cooling methods which have been 
incorporated into CPV systems to keep the cell temperature below the operational 
limit recommended by the solar cell’s manufacturers. Some researchers state that 
passive cooling can be adequate for a single cell HCPV while other studies concluded 
that passive cooling is not dissipating enough heat from the cell even when a large 
heat sink is used especially at high ambient temperature areas. Therefore, more 
investigation needs to be undertaken to find the optimum solution for cooling the 
HCPV system in hot climates such as that of Saudi Arabia. 
 Thermal collector principle is an effective method when integrated with the cooling 
system to increase the overall efficiency of the HCPV and compensate the cost of the 
tracking system and the active cooling.  
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 Thermal energy produced by a single HCPV/T system can be evaluated and analysed 
using CFD modelling to study the feasibility of coupling it with different solar thermal 
applications.   
 Most of the previous studies on HCPV systems were implemented indoors where all 
relevant parameters are controlled. Only few studies were undertaken outdoors to 
evaluate the HCPV performance; in this project an outdoor HCPV experimental set-up 
will be developed to characterise its performance.  
 Reports on a single cell high concentrator photovoltaic/thermal (HCPV/T) system with 
geometric concentration ratio more than 100X are limited. Moreover, most of the 
previous work focused only on one or two aspects of the HCPV/T performance while 
in the current study optical, electrical and thermal analysis will be covered.   
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CHAPTER 3  
3. Development of HCPV/T system for outdoor optical, 
electrical and thermal characterisation  
 
3.1. Introduction  
This chapter presents the experimental facility development of a HCPV/T comprising a 
primary and secondary optical element, multi-junction solar cell and cooling device to 
examine its optical, electrical and thermal performance under different concentration ratios 
and PV surface temperature. The equipment and instrumentation that were used and the 
experimental procedure that was followed to perform the above investigations will be 
discussed. Moreover, calibration of the measuring devices and measurement accuracy 
analysis will be presented. 
3.2. Description of the Outdoor HCPV/T system  
As stated in the previous chapter, a typical CPV system consists of the following main 
components: optical elements, solar cell, cooling system and tracking mechanism. There are 
two optical elements in this HCPV/T set-up, Fresnel lens as a primary optical element (POE) 
and hollow inverted truncated pyramid reflector (HITPR) as a secondary optical element 
(SOE). The solar cell integrated in this set-up, is triple-junction type and the cooling system is 
based on a rectangular cooling channel where water flows inside it in one direction. A manual 
tracking mechanism is used instead of an automated one to reduce the complication and cost 
of the system. Moreover, the main purpose of this set-up is to validate the developed 
theoretical optical, electrical and thermal models rather than perform long term experimental 
work where automated tracking system is crucial. Figure 3.1 shows the main components and 
principle of the HCPV/T system.  
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Figure  3.1: HCPV/T system principle and exploded view of its components. 
Beside the above components, a HCPV housing was fabricated to protect the Fresnel lens and 
solar cell from dust and dirt deposits and to enhance the heat dissipation from the system. It 
was made from light weight and weather resistant 0.0007 m Aluminium sheet and assembled 
as shown in Figure 3.2. The dimensions of the HCPV housing were chosen based on the 
Fresnel lens size and its focal length which are 0.25x0.25x0.25 m
3
. Also, a housing base with 
dimensions 0.26x0.26 m
2
 was fabricated from 0.0007 m Aluminium sheet and 0.01m from 
each side of the housing base was bended up to attach the HCPV housing firmly on a 
1x1x0.02 m
3
 flat surface wooden plate using four screws as shown in Figure 3.3. A 0.07x0.07 
m
2
 square hole was made in the housing base and wooden plate to accommodate the cooling 
channel or the Peltier cooling module where the PV assembly is attached. The wooden plate 
was securely screwed to an adjustable angle plate where the whole assembly can be tilted at 
Direct irradiation 
Fresnel lens 
Light refracted by Fresnel lens 
Secondary optical element (SOE) 
Solar cell 
 Cooling channel 
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plate 
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Data logger 
the required angle. The adjustable angle plate which carries the whole assembly is also 
securely screwed on a workshop wheel trolley for easy movement.  
 
 
 
 
 
 
 
 
Figure  3.2: A single HCPV/T system and its components. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  3.3: Workshop wheel trolley carries the whole HCPV assembly. 
3.2.1. Primary optical element  
The primary optical element in this HCPV/T experimental set-up is the Fresnel lens. 
Nowadays, the quality of Fresnel lenses has improved due to modern plastics, new molding 
Cooling channel  
PV  
SOE  
Fresnel lens  
HCPV housing  
0.25 m  
0.25 m  
0.25 m  
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techniques and computer-controlled diamond turning [134]. The advancement in the 
manufacturing process allows designing Fresnel lenses for numerous applications. Fresnel 
lenses can be compression-molded, injection-molded, cut, or extruded from a variety of 
plastics [134]. So far, the highest performance point-focus Fresnel lenses have been made by 
compression molding [47]. Due to the absence of the necessary advanced technology for 
manufacturing a Fresnel lens in house, it was obtained from a South Korean CPV company 
called DiYPRO [177] with the listed parameters in Table 3.1 for characterisation, simulation 
validation and optimisation purposes. 
Table  3.1: Off-the-shelf Fresnel lens parameters. 
Parameter  Value 
Fresnel lens size (m
2
) 0.25x0.25 
Focal length (m) 0.25 
Thickness (m) 0.003 
Groove pitch (m) 0.001 
Grooves direction  grooves in (upside down) 
Transmissivity (%) 92 
Material  PMMA 
 
The active size of the Fresnel lens and the PV (receiver) are 0.0625 m
2
 and 0.0001 m
2
 
respectively. Hence, the resulted geometrical concentration ratio (GCR) is 625X which is the 
maximum concentration ratio (CR) that can be achieved if no optical losses occurred. 
However, this GCR can be controlled by controlling the Fresnel lens aperture area exposed to 
the sun light. For example, if the needed GCR is 100X then the aperture area of 0.1x0.1 m
2
 
can only be exposed to the sun light and the rest can be covered as shown in Figure 3.4.  
 
 
 
 
71 
 
 
 
 
 
 
 
Figure  3.4: Controlling the GCR by controlling the Fresnel lens exposed area to the sun light. 
To support and align the Fresnel lens, two wooden frames were designed. A square hole was 
made based on the Fresnel lens size on a 0.002 m thick 0.35x 0.35 m
2
 size wooden piece to 
make the external frame. Also, to make the internal frame where the Fresnel lens can slide in 
and holds its position two 0.35x0.01x0.01 m
3
 and two 0.25x0.01x0.01 m
3
 wooden pieces 
were used as shown in Figure 3.5. A 0.003x0.25 m
2
 slot was also made to slide the Fresnel 
lens and take its position at the centre of the internal frame with the help of the two opposite 
sides 0.01 m inactive margin in the Fresnel lens.  
 
 
 
 
 
 
 
Figure ‎3.5: Fresnel lens wooden frame. 
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Electrical terminals 
         By-pass diode 
         Solar cell 
3.2.2. Multi-junction solar cell  
AZURSPACE GaInP-GaInAs-Ge MJ PV assembly [90] with an area of 0.0316x0.0296 m
2
 
and active surface of 0.0001 m
2
 was used for the HCPV/T outdoor experimental electrical 
testing. The typical electrical conversion efficiency of the solar cell obtained at standard 
controlled lab conditions using flash simulator was about 40% under the following 
measurement conditions: X = 1000 W/m
2
, PV temperature of 25
o
C, air mass (AM) of 1.5, 
solar spectral irradiance of ASTM G173-03 and uniform direct irradiance [90]. The 
performance of the MJ cell at the indoor flash test with concentration ratios of 250X, 500X 
and 1000X is reported in Table 3.2 including the following parameters: ISC, VOC, Im, Vm, Pm 
and FF. 
Table  3.2: Performance of the MJ solar cell at the indoor flash test. 
 ISC (A) VOC (V) Im (A) Vm (V) Pm (W) FF (%) 
250X 3.79 3.07 3.71 2.80 10.40 89.40 
500X 7.58 3.12 7.42 2.79 20.71 87.60 
1000X 15.07 3.16 14.77 2.64 39.00 81.90 
Figure 3.6 shows the multi-junction PV assembly including 0.01x0.01 m
2
 cell, two electrical 
terminals and two by-pass diodes.  
 
 
 
 
 
 
Figure  3.6: Multi-junction PV assembly dimensions. 
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3.2.3. Cooling system  
A cooling channel was used to actively cool the HCPV cell using water. The bottom side of 
the solar cell assembly was attached to a 0.0015 m thick Aluminium rectangular cooling 
channel with the following dimensions: 0.328m length, 0.03 m width and 0.01 m height using 
high conductivity thermal paste (3 W/m∙K) [178]. The calculated hydraulic diameter of this 
cooling channel is 1.11x10
-2
 m. The width of the cooling channel was chosen to accommodate 
the PV assembly back surface width (0.0296 m) while the internal height of the cooling 
channel (0.007 m) was chosen to cool the PV assembly with minimum mass flow rate of 
cooling water. Moreover, Aluminium was chosen for its good thermal conductivity (205 
W/(m∙K)), low cost and light mass density. A manifold was designed to be fitted at the inlet 
and outlet of the cooling channel. Figure 3.7 shows the design of the cooling channel 
manifold; all dimensions are in mm. The manifold includes two parts: the rectangular part 
which was fitted to the cooling channel and circular part which was fitted to the water supply 
hose as shown in the Figure. The inner dimension of the rectangular part was 0.03075 m i.e. 
0.00075 m more than the cooling channel outer part to allow applying some glue. Also, the 
outer diameter of the circular part was 0.0145 m i.e. 0.0005 m less than water supply hose for 
tight fit.  
 
 
 
 
Figure  3.7: Cooling channel manifold design. 
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The manifold was fabricated by a 3-D printer using a transparent FullCure 720 rigid material 
[179]. Figure 3.8 shows the fabricated manifold attached to the cooling channel inlet.  
 
 
 
 
Figure  3.8: Manifold coupled to the cooling channel inlet. 
Also, a 60 W Peltier cooling module with an area of 0.04x0.04 m
2
 powered by a DC power 
supply was used [180]. The power selection criteria of this Peltier module were based on the 
following calculation: 
 Maximum exposure area of the Fresnel lens = 0.25x0.25 = 0.0625m2;  
 Maximum input solar irradiation = 1000 W/m2;  
 Maximum optical efficiency of the Fresnel lens = 80% 
Therefore, the maximum received power at the receiver (cell) = 0.0625x1000x0.8 = 50 W i.e. 
less than the rated power of the Peltier cooling module.  
Unlike water cooling, this electrical device is capable of controlling the PV temperature more 
easily in less time. Moreover, it has the capacity to reduce the PV temperature under high 
concentration to a level that is difficult to be reached by water cooling like 25 
o
C when the 
HCPV system is required to be tested at standard test temperature.  
3.2.4. Secondary optical element  
Secondary optical elements (SOEs) are used to improve the illumination homogeneity of 
point-focus Fresnel lens high concentration systems and to increase the acceptance angle of 
Cooling channel Water hose  RTD 
Manifold 
75 
 
the optical system. SOEs can be either made from reflective or refractive material. Unlike 
refractive SOEs, reflective ones are cheaper and easy to make. The SOE was designed using 
SolidWorks and its optical performance was evaluated using the advanced ray tracing 
software OptisWorks. A schematic diagram of the developed SOE with its geometrical 
dimensions is shown in Figure 3.9. The exit aperture area of the SOE (0.011x0.011 m
2
) was 
chosen based on the PV area (0.01x0.01 m
2
) with 0.0005 m margin from each side and the 
area of the entrance aperture (0.000484 m
2
) is four times the exit aperture area (0.000121 m
2
) 
to collect the highest amount of refracted rays. The design process and the geometry 
optimisation of the SOE will be discussed in detail in the next chapter. The SOE was made by 
a 3-D printer using a transparent FullCure 720 rigid material [179]. After making the SOE, 
the four inner walls were covered by four pieces of high reflective material with overall 
average reflectivity of 90% [181] using 3M double face tape as shown in Figure 3.10. More 
Information about the reflective material and 3M tape can be found in Appendix A. 
 
 
 
 
 
 
Figure  3.9: Schematic diagram of the developed SOE. 
3.3. Equipment and instrumentation for outdoor HCPV/T characterisation  
The developed HCPV/T system is characterised outdoors in terms of optical, electrical and 
thermal performance. In this section, the equipment and measuring devices that were used to 
characterise the HCPV/T system performance will be described. Figure 3.11 shows a 
0.012 m 
0
.0
2
3
 m
 
0.012 m 
0
.0
1
1
 m
 
0
.0
1
1
 m
 
0.012 m 
0
.0
2
3
 m
 
0.022 m 
0.022 m 
0
.0
6
 m
 
0.012 m 
0
.0
2
3
 m
 
0.023 m 
  
76 
 
Electrical wire connected to 
the PV terminal  
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PV assembly 
schematic diagram of the test rig including the measuring devices and Table 3.3 describes 
each item in the diagram.  
 
 
 
 
 
 
Figure  3.10: SOE inner walls covered by high reflective material. 
 
 
 
 
 
 
 
 
  
Figure  3.11: The test rig with the instrumentations. 
 
6 
1 
2 
5 
3 
4 
7 
77 
 
Table  3.3: Description of each item in the schematic diagram. 
Indicator  Description Indicator  Description 
1 HCPV/T system  5 Radiation sensor 
2 I-V curve tracer 6 Data logger 
3 PV reference sensor 7 Data processor 
4 Thermocouples and RTDs   
3.3.1. PV analyser kit  
Solmetric PV analyser kit (PVA-1000S) [182] was used to characterise the electrical 
performance of the HCPV/T outdoor. This kit includes two main units: I-V curve tracer and 
wireless PV reference sensor. The I-V curve tracer is able to produce an instant I-V and P-V 
curves for the solar cell and measure the following electrical parameters: VOC, ISC, Im, Vm , Pm  
and FF. Simultaneously, the wireless PV reference sensor unit measures the following 
parameters: cell and ambient temperature, solar irradiance at the aperture and tilt angle of the 
system to evaluate the HCPV/T performance. According to the Solmetric PV analyser kit data 
sheet [183], the measurement duration including the I-V curve sweep is 4 seconds. Figure 
3.12 shows the I-V curve tracer (on the right) and wireless PV reference sensor.  
 
 
 
 
Figure  3.12: wireless PV reference sensor (on the left) and I-V curve tracer. 
Table 3.4 summarises the specifications of the above two measuring units i.e. I-V curve tracer 
and wireless PV reference sensor including the measurement range, resolution and accuracy 
of the measured parameters.  
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Table ‎3.4: Specifications of the I-V curve tracer and wireless PV reference sensor [186]. 
Parameter Measurement range Resolution Accuracy 
Voltage (V) 0 – 1000 0.025 ±0.5% ± 0.25 
Current (A) 0 – 30 0.002 ±0.5% ± 0.04 
Irradiation (W/m
2
) 0 – 1500 1 ±2% 
Temperature (
o
C) 0 – 100 0.1 ±0.2 
Tilt angle (deg) 0 – 45 0.1 ±1 
To control the two measuring units above, PVA Software for Windows is provided to be 
installed on a Personal Computer (PC). A wireless USB is also provided to control these units 
within a range of 100 m. Also, this software allows presenting the generated curves and 
exporting the data to Microsoft Excel for further analysis. Figure 3.13 shows the interface of 
the PVA software in Windows.  
 
 
 
 
 
Figure ‎3.13: PVA software interface on Windows. 
3.3.2. Radiation flux measurement at the receiver 
The concentrated solar flux at the receiver (solar cell) is measured using high sensitivity 
0.000025 m
2
 radiant flux sensor from Captec Enterprise which can measure wide range of 
radiation wavelength including visible and infrared [184]. Table 3.5 summarises the 
specifications of the radiation flux sensor. DataTaker model DT85 [185] which has up to 32 
channels isolated or 48 common was used for logging the radiation and various measurements 
taken in this work with 1 second sampling rate. The sensor’s voltage signal is sent to the 
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Sensor   Sensor Wire  
DT85 data taker where the sensitivity of the sensor defined in the scaling of the logger 
converts the signal to W/m
2
. Figure 3.14 shows a photograph of the sensor used in the 
irradiance measurement.  
Table ‎3.5: Specifications of the radiation sensor [187]. 
Specification Value 
Sensing area (m
2
) 0.005x0.005 
Thickness (m) 0.0004 
Sensitivity (μV/ (W/m2)) 0.111 
Electrical resistance (Ω) ˂ 500 
Response time (sec) 0.05 
Operating temperature (
o
C) -180 to 200 
 
 
 
 
Figure ‎3.14: A photograph of 0.005x0.005 m
2
 Radiant flux sensor [186]. 
In order to measure the concentrated radiation, mapping of the solar cell was carried out as 
shown in Figure 3.15 by dividing the active area into four equal smaller areas i.e. 0.005x0.005 
m
2
 which is the same size of the radiation sensor. Thus, 4 measurements on the solar cell are 
taken to calculate the average received flux.  
 
 
 
 
 
 
Figure ‎3.15: Mapping of the solar cell to measure the concentrated radiation flux. 
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At very high concentration i.e. >100X or if the PV is covered by a SOE it is difficult to 
directly measure the incident radiation using the sensor as the high radiation caused burning 
of the sensors. Therefore, in those cases concentration ratios were determined by assuming the 
short circuit current (ISC) is directly proportional to irradiance which is widely used in the 
literature [92–94]. For example, if the ISC of the solar cell at 1X and at reference temperature 
i.e. 25 
o
C is confirmed to be 0.01516 A, then at ISC = 1.516 A the concentration ratio is 100X. 
To validate this assumption experimentally, 10 radiation sensor measurements using the 
mapping procedure described above at reference temperature of 25 
o
C and under geometrical 
concentration ratio of 49X were compared against the calculated received radiation based on 
ISC as shown in Figure 3.16. The results of the two methods are in close agreement with 
maximum deviation of less than 4%.  
 
 
 
 
 
 
 
 
Figure ‎3.16: Measurement of the concentrated solar flux by short circuit method and 
radiation sensor. 
3.3.3. Temperature measurement  
Two types of temperature sensors were used in this experimental set-up which are: T- type 
surface thermocouple and Resistance Temperature Detector (RTD). Omega 5TC-TT-TI-36-
1M surface thermocouples were used for measuring the PV surface temperature and their 
specifications are given in Table 3.6 as obtained from the database of the manufacturer. 
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Table ‎3.6: Specifications of the surface thermocouple. 
Specification Value 
Diameter (m) 0.00013 
Length (m) 1 
Type T-type 
Insulation PFA (Teflon) 
Wire gauge 36 
Measurement Range (oC) 0 to 180 
To measure the PV average temperature experimentally and assess the hot spot produced by 
the non-uniform ray distribution, three T- type surface thermocouples were attached at the 
back of the solar cell surface using Aluminium Foil tape and their tips were fully covered 
from the surrounding air as shown in Figure 3.17a. Figure 3.17b shows a schematic diagram 
of the PV assembly with three thermocouples located at the centre, side and corner under the 
PV active surface represented by a blue letter (X). The selection of the thermocouple locations 
is based on the assumption that the selected side temperature of the PV represents all other 
three sides and the selected corner temperature also represents the other three corners of the 
PV as the incident light profile is symmetric. U-shaped grooves on the cooling channel 
(Figure 3.18) with dimensions of 0.0015m × 0.00075m were made to accommodate the three 
0.00013m diameter thermocouples underneath the PV and to ensure that the PV assembly is 
in full contact with the cooling channel. 
 
 
 
 
 
 
 
Figure ‎3.17: a) Thermocouples attached at the back of the solar cell assembly & b) their 
locations (letter X). 
(a) (b) 
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Grooves: 0.0015mX0.00075m 
 
 
 
 
Figure ‎3.18: U-shape grooves on the cooling channel. 
The inlet and outlet cooling water temperatures were measured using RTD Platinum100 
(RTD Pt100) with high accuracy of ±0.025K. All the temperature signals were logged by the 
data logger DT85 and monitored by a personal computer.   
3.3.4. Flow rate measurement  
 
The cooling water flow rate was measured using an analogue CT Platon NG standard glass 
variable area flow meter with accuracy of ±1.25% and flow rate ranging from 0-1.33x10
-5
 
m
3
/s [187]. The required flow rate for this experimental work ranged from 8.33x10
-7
 – 
4.17x10
-6
 m
3
/s i.e. within the range of the selected flow meter capacity. The flow meter was 
calibrated using labelled standard bucket and stop watch as discussed in the next section.  
3.4. Calibration of the instruments  
 
In this section the calibration process of the used instruments will be described including: 
solar irradiance wireless PV reference sensor, concentrated radiation flux sensor, T- type 
surface thermocouples and the glass variable area water flow meter. 
3.4.1. Solar irradiance wireless PV reference sensor calibration 
The wireless PV reference sensor was calibrated against a new certified and calibrated Kipp 
& Zonen SMP10 Pyranometer which has a spectral range of 285-2800 nm and sensitivity of  
11.5 μV/ (W/m2) to measure the global radiation of the incident light [188]. Figure 3.19 
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shows the wireless PV reference sensor and the Pyranometer during the calibration process. 
The Pyranometer was powered by TSx1820P Programmable DC PSU 18V/20A power 
regulator with accuracy of ± (0.1% +1 digit) and ± (0.5% + 1 digit) for voltage and current 
respectively and DataTaker DT85 was used for logging and monitoring the irradiance 
measurements from the Pyranometer while the PVA Software installed on a laptop was used 
to monitor the solar irradiance sensor readings.  
 
 
 
 
 
 
 
Figure ‎3.19: Solar irradiance sensor calibration set-up. 
The two measuring devices were tested at various solar radiation values and different times of 
the day. Figure 3.20 shows the relation between wireless PV reference sensor and the 
Pyranometer readings. The R
2 
value (0.9999) of the linear fitting is given by equation 3.1. 
This equation is used to calculate the curve fit value ( x ) required to determine the uncertainty 
of the wireless PV reference sensor as shown in the measurements accuracy section.  
y = 1.0017x - 0.5964                                                                                                            (3.1) 
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Figure ‎3.20: Solar irradiance relations between solar irradiance sensor and the Pyranometer. 
3.4.2. Surface thermocouples calibration 
The thermocouples used to measure the surface temperature in this work were calibrated 
against RTD Pt100. Thirteen thermocouples and the RTD were tied together and immersed in 
a water bath at the same level and the heat supplied to the water bath was controlled by a 
heating mantle as shown in Figure 3.21. The calibration process was conducted over the 
temperature range 0 to 100 °C. After reaching steady state, the readings of the thermocouples 
and the RTD were logged by the data taker and retrieved in a PC.  
 
 
 
 
 
 
 
Figure ‎3.21: Thermocouples calibration set-up. 
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Figure 3.22 shows an example of the relation between RTD Pt100 and the thermocouple 
readings where R
2 
value of the linear fitting using equation 3.2 is 0.9999. All the 
thermocouples have shown similar relationships to the RTD and the calibration curve Figures 
of the other 12 thermocouples used in this work are presented in appendix B. 
y = 1.0008x + 0.2466                                                                                                          (3.2) 
 
 
 
 
 
Figure ‎3.22: Calibration curve of the surface thermocouples. 
3.4.3. Water flow meter calibration 
The CT Platon NG standard glass variable area flow meter was calibrated using 1000 ml 
graduated cylinder and stop watch. The flow to the flow meter is controlled by a valve and the 
time taken to fill the cylinder is recorded for a particular opening. Eight different runs at 
increasing of valve openings were carried out and the flow rates were obtained by dividing the 
volume in ml by the time taken in minutes for each run. The flow rate relation between the CT 
Platon flow meter and the standard bucket filling is shown in Figure 3.23. The R
2 
value of the 
linear fitting using equation 3.3 is 0.9978.  
y 1.0004x 0.9911                                                                                                              (3.3) 
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Figure ‎3.23: Calibration curve of the CT Platon flow meter. 
3.5. Outdoor experimental procedure  
The HCPV/T system was tested outdoor at the University of Birmingham (52.45° N, 1.93° 
W) in the city of Birmingham, United Kingdom. The outdoor experiment was carried out 
between April and October 2016 for optical, electrical and thermal characterisation. The test 
facility was completed when all the parts were assembled and all measuring devices were 
connected. All the measuring data was collected at reference temperature of the PV of 25 
o
C 
unless stated otherwise. Before any data collection, the adjustable angle plate was set to zero 
i.e. in horizontal position and a spirit level was placed at different locations on the Fresnel 
lens top surface to confirm that the whole assembly is properly aligned. Due to the movement 
of the sun, the adjustable angle plate and workshop wheel trolley were used to point the 
HCPV/T system toward the sun position during the data collection. A shadow stick was 
placed on the reference surface where the HCPV/T was seated to confirm that the assembly is 
normal to sun light by observing the shadow direction and length where no shadow may 
indicate that the assembly is normal to the sunlight [189]. The testing procedure of the 
HCPV/T characterisation will be described below.  
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3.5.1. Optical characterisation   
The developed HCPV/T was examined outdoor in terms of optical efficiency and incident 
illumination uniformity with and without SOE. For optical efficiency calculation, the ratio of 
the average irradiation power on the receiver to the average irradiation power on the aperture 
has to be determined. To measure the average solar flux on the aperture, the wireless PV 
reference sensor was used. While, the ISC was measured using the I-V curve tracer to 
determine the incident solar irradiance on the receiver. Then, each value was multiplied by the 
incident area to determine the average power in Watt (W). The I-V curve tracer terminals 
were connected to the PV electrical terminals by two low resistance wires. Also, to examine 
the hot spot caused by the non-uniform illumination, 3 thermocouples were attached at the 
back surface of the active area of the PV assembly and data was recorded using the data 
logger.  
3.5.2. Electrical characterisation   
The developed HCPV/T system was electrically examined outdoors under different 
concentration ratios and PV surface temperatures. To test the HCPV/T under different 
concentration ratios, the Fresnel lens aperture was varied by varying the exposure area to the 
sun light. The PV temperature was controlled by the Peltier cooling module powered by a 
variable DC power supply. Also, the electrical performance of the MJ solar cell was examined 
under different incident illumination profile such as point-focus and more uniform 
illumination to evaluate its influence. For electrical efficiency calculation, the ratio of the 
maximum electrical power (Pm) generated by the solar cell to the average irradiation power on 
the receiver has to be determined. The Pm can be measured directly by the I-V tracer and the 
average power on the receiver can be calculated from the measured ISC. 
88 
 
3.5.3. Thermal characterisation   
The developed HCPV/T system was thermally examined outdoors under different cooling 
water volume flow rate to examine its influence on the PV temperature and the thermal 
energy absorbed by the coolant. As previously stated, to measure the PV temperature, 3 
thermocouples were attached at the back surface of the active area of the PV cell and 
temperature was recorded using the data logger. The ambient temperature was measured using 
a thermocouple connected to the wireless PV reference sensor or to the data logger. To 
calculate the thermal efficiency of the system, the ratio of the thermal energy extracted by the 
coolant water to the average power on the receiver was determined. The ΔT was calculated by 
measuring the inlet and outlet water cooling temperatures using RTD Pt100. 
3.6. Measurements accuracy 
Human and measuring device errors are encountered in engineering measurements which are 
considered to be either systematic or random. Systematic error is fixed for each reading but 
random error is not the same. The measuring instruments have been calibrated which can 
correct systematic error while random error can be removed by uncertainty analysis. The 
random errors (repeatability errors) are statistical in nature and can be estimated using the 
mean standard deviation with 95 % confidence level [190,191].  
3.6.1. Uncertainty of surface thermocouples 
All surface thermocouples used in the experiment were calibrated using RTD Pt100 with high 
accuracy of ±0.025K and the uncertainties in their measurement can be calculated using Root 
Square Sum (RSS) of the systematic and random errors [190,191]:  
2 2( ) ( )thermo st curve fitU U U                                                                  (3.4) 
Where Ust is uncertainty of the standard (RTD), Ucurve-fit is the uncertainty of the curve fit and 
Uthermo is the overall uncertainty of the thermocouple sensors.  
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The curve fit error is statistical and can be calculated as [191]: 
1,95%curve fit n x
U t S                                  (3.5) 
Where 1,95%nt   is the student distribution factor for degree of freedom n -1 and n is the number 
of sample data. 
x
S  is the standard deviation of the mean given by [191]: 
σ
n
x
S                                                        (3.6) 
 is the standard deviation which can be calculated using:  
n
2
i
i 1
1
σ (x x)
n 1 
 

                                                                (3.7) 
Where xi is the RTD reading, x  is the curve fit value and 
2-ix x is the deviation squared. 
Table 3.7 shows the calculation of the uncertainty for one of the surface thermocouples.  
Table ‎3.7: Surface thermocouple measurement uncertainty calculations. 
Data 
point 
RTD Pt100 
reading ( ix ) 
Measurement of 
thermocouple  
Curve fit equation ( x )
T = 1.0008x + 0.2466  
Deviation 
2)( xxi   
1 29.53 28.91 29.18 0.1229 
2 38.01 37.68 37.95 0.0035 
3 44.83 44.62 44.90 0.0052 
4 53.95 53.86 54.15 0.0408 
5 62.39 62.40 62.70 0.0922 
6 73.39 73.32 73.63 0.0553 
7 90.60 90.06 90.38 0.0474 
8 100.99 100.49 100.82 0.0306 
Summation of deviation points (


n
i
i xx
1
2)(  )  = 0.397935 
Degree of freedom (n-1) = 7 
Standard deviation  ( ) = 0.238428 
Standard deviation of mean (
x
S )= 0.084297 
Student distribution factor 1,95%nt  = 2.365 
Uncertainty curve fit (Ucurve-fit) = 0.20K 
Uncertainty of surface thermocouple     2 2( ) ( )thermo st curve fitU U U     = ±0.20K 
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The standard device used in the calibration is high precision RTD which was calibrated 
against ice temperature i.e. at 0 
o
C as it was placed in the ice water mixture and the 
temperature was recorded at different points as shown in Figure 3.24. The uncertainty of the 
RTD Pt100 sensor (Ust) is small i.e. ±0.025K compared to the uncertainty of the measuring 
device (Ucurve-fit). Therefore, the overall uncertainty of the surface thermocouple sensors 
calculated using equation 3.4 is ±0.20K.  
 
 
 
 
Figure ‎3.24: Calibration of the RTD thermocouple reading. 
3.6.2. Uncertainty of solar irradiance PV reference sensor 
The wireless PV reference sensor is used to measure the solar radiation at the aperture of the 
Fresnel lens. It was calibrated against a certified new Kipp & Zonen SMP10 Pyranometer. 
The uncertainty of the irradiance PV reference sensor (Uirr) is then calculated based on the 
uncertainty of the curve fitting (Ucurve-fit) and uncertainty of the Pyranometer (Upyr) as shown 
in equation 3.8 [191].  
 2 2( ) ( )irr pyr curve fitU U U                      (3.8) 
The uncertainty of the Pyranometer is given by the manufacturer in the calibration certificate 
(Upyr) to be ±0.76 W/m
2
 and the uncertainty of the measuring device (Ucurve-fit) is 2.44 W/m
2 
as 
shown in Table 3.8. Therefore, the overall uncertainty of the radiation sensor calculated using 
equation 3.8 is ±2.56W/m
2
.  
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Table ‎3.8: Radiation measurement at the aperture uncertainty calculations. 
Data point Pyranometer 
( ix ) 
Radiation 
sensor 
Curve fit equation ( x ) 
1.0017 0.5964wV x   
Deviation 
2)( xxi   
1 544 545 545.33 1.7692 
2 110 111 110.59 0.3508 
3 1089 1090 1091.26 5.0922 
4 1020 1022 1023.14 9.8659 
5 301 304 303.92 8.5287 
6 465 461 461.19 14.5367 
7 811 807 807.78 10.3974 
8 944 940 941.00 8.9904 
Summation of deviation points (


n
i
i xx
1
2)(  )  = 59.5313 
Degree of freedom (n-1) = 7 
Standard deviation  ( ) = 2.916243428 
Standard deviation of mean ( xS )= 1.031047752 
Student distribution factor 1,95%nt  = 2.365 
Uncertainty curve fit (Ucurve-fit) = 2.44 W/m
2
 
Uncertainty of PV reference sensor  2 2
-( ) ( )irr pyr curve fitU U U   =  ±2.56W/m
2
 
 
3.6.3. Uncertainty of the flow meter 
The CT Platon flow meter used in the test facility was calibrated using graduated cylinder and 
stop watch. The flow meter readings were then plotted versus the calculated flow rate (Vw) 
using equation (3.9). The uncertainty of the CT Platon flow meter (Ufm) is then calculated 
based on the uncertainty of the curve fitting (Ucurve-fit) and uncertainty of the calibration 
method (Uvc) as shown in equation (3.10) [191]. 
f
w
ΔV
V
Δt
                      (3.9) 
 2 2( ) ( )fm vc curve fitU U U                    (3.10) 
Uvc the uncertainty of the cylinder graduated volume i.e. the calibrating method is given by 
equation 3.11 [186,191]. 
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                                                (3.11) 
Where Vw is the water flow rate calculated using equation 3.9 in (ml/min), Vf is the total 
volume of the collecting cylinder in (ml), ΔV is the error in measuring the volume which 
equals to the step in the graduating scale of the measuring cylinder, Δt is the minimum time 
that can be counted when cylinder is filling with water and t is time in minutes. The 
uncertainty of the calibration method is estimated using equation 3.12 [191]. 
22
2
1 f
VC
V
U V t
t t
  
     
   
                (3.12) 
Using ΔV of 10 ml, Δt of 1/60, the calculated uncertainty Uvc is ±0.32 ml/s. Table 3.9 shows 
the calculation of the uncertainty for the flow rate measurement.  
Table ‎3.9: Flow meter measurement uncertainty calculations. 
Data point Cylinder 
volume 
( ix ) 
CT Platon flow 
meter 
Curve fit equation ( x ) 
1.0004 0.9911wV x   
Deviation 
2)( xxi   
1 92.37 100.00 99.05 44.6077 
2 210.97 200.00 199.09 141.1605 
3 304.57 300.00 299.13 29.6056 
4 404.86 400.00 399.17 32.3886 
5 483.87 500.00 499.21 235.2819 
6 581.96 600.00 599.25 298.9061 
7 705.05 700.00 699.29 33.1903 
8 809.72 800.00 799.33 107.9750 
Summation of deviation points (


n
i
i xx
1
2)(  )  = 923.1156 
Degree of freedom (n-1) = 7 
Standard deviation  ( ) = 11.4836255 
Standard deviation of mean ( xS )= 4.06007473 
Student distribution factor 1,95%nt  = 2.365 
Uncertainty curve fit (Ucurve-fit) = 0.16 ml/s 
Uncertainty of the flow meter    2 2( ) ( )fm vc curve fitU U U     = ±0.36ml/s 
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The uncertainty of the calibration method (Uvc) is ±0.32ml/s and the uncertainty of the 
measuring device (Ucurve-fit) is 0.16 ml/s. Therefore, the overall uncertainty of the flow meter 
calculated using equation 3.10 is ±0.36ml/s or ±2.2% of full scale.  
3.7. Summary  
In this chapter the experimental facility developed to investigate the optical, electrical and 
thermal performance of the HCPV/T is fully described. The outdoor experimental set-up 
mainly consists of HCPV/T assembly and measuring instruments. The HCPV/T assembly 
includes optical elements, multi-junction solar cell, cooling mechanism and manual tracking 
system. The main measuring instruments are wireless PV reference sensor, radiation sensor, I-
V curve tracer, surface thermocouples, RTD and flow meter which were used to measure the 
following: solar irradiation at the concentrator, solar irradiation at the receiver, the generated 
electricity from the solar cell, the PV temperature, the inlet and outlet coolant temperature and 
the cooling water flow rate respectively.  
In reference to the optical characterisation, the optical efficiency was calculated by 
determining the average irradiation power on the receiver and the average irradiation power 
on the aperture. Also, the hot spot caused by the non-uniform illumination was examined by 
attaching thermocouples at the back surface of the PV before it was seated on the cooling 
device. On the other hand, the electrical efficiency of the solar cell at different concentration 
ratios and PV temperatures was determined by measuring the maximum electrical power 
generated by the solar cell and the average irradiation power on the receiver. Moreover, to 
determine the thermal efficiency of the system the ratio of the thermal energy extracted by the 
cooling water and the average power on the receiver has to be calculated. Calibration of the 
measuring devices including PV reference sensor, surface thermocouples and flow meter were 
carried out and measurement accuracy was evaluated by performing uncertainty analysis. 
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The optical, electrical and thermal data measured from this experimental facility are used to 
validate the developed optical, electrical and thermal theoretical models as demonstrated in 
chapters 4, 6 and 7.  
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CHAPTER 4  
4. Optical simulation and outdoor characterisation of the 
HCPV system 
 
4.1. Introduction  
This chapter describes the optical simulation and characterisation of a primary optical element 
(Fresnel lens) and the development of a secondary optical element for HCPV system using 
ray tracing technique. The optical efficiency of the optical system will be analysed with and 
without a secondary optical element. Moreover, the irradiation uniformity on the receiver will 
be investigated before and after the placement of the secondary optical element (SOE). 
Finally, outdoor experimental results to validate the developed optical simulation and to 
examine the influence of the non-uniform illumination on the electrical performance of the 
multi-junction solar cell will be presented.  
4.2. Performance characterisation of a point-focus Fresnel lens  
In this section, the optical efficiency and irradiation distribution on the receiver was examined 
with and without secondary optical element using ray tracing technique.   
4.2.1. Fresnel lens development governing equations 
Polymethyl methacrylate (PMMA) Fresnel lens is a well-known optical element as a 
concentrator because it has various advantages such as compact size, lower weight and 
material cost saving [100,108]. Imaging point-focus Fresnel lens consists of serial pitches of 
Fresnel lens facets as shown schematically in Figure 4.1. The following governing equations 
(4.1-4.4) can describe each pitch of the Fresnel lens [134]:  
sin sinn                        (4.1) 
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tan
R
f
                                   (4.2) 
                                    (4.3) 
2 2
tan  
R
n R f f
 
 
                    (4.4) 
 
Figure ‎4.1: Schematic of planar Fresnel lens [108]. 
Snell’s law is applied on the incident ray as shown in Figure 4.1 and equation 4.1-4.4 defines 
each facet’s angle where R is the distance between incident ray and the centre axis of the 
Fresnel lens, n is the refractive index of the Fresnel lens material, α (slope angle) is the angle 
between the normal to the Fresnel lens's facet and the incident ray, ω is the angle between the 
normal to the receiver and the refracted ray, β is the angle between the normal to the Fresnel 
lens's facet and the refracted ray and f is the focal length. A computer program was developed 
in Excel spreadsheet using equation 4.4 for calculating the slope angle (α). Fresnel lens 
grooves are chosen to be upside down (grooves in) which is suitable for dusty environment as 
dust can deposit within these grooves and cause shadows on the PV surface [134].  
SolidWorks was used to develop the Fresnel lens geometry taking into consideration the angle 
definition of each Fresnel lens prism as can be seen in Figure 4.2. Fresnel lens focal length, 
size, thickness and groove pitch are the main geometrical parameters that were needed to be 
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identified. The initial developed Fresnel lens was circular in shape, but as the receiver is 
square it would be easier for geometrical concentration ratio calculation to have a square 
Fresnel lens as well. Extrude cut feature in SolidWorks was used to cut the Fresnel lens as 
shown in Figure 4.3. 
 
 
 
 
 
 
Figure ‎4.2: a) Angle definition of each prism; b) Fresnel lens prism profile. 
 
 
 
 
 
 
Figure ‎4.3: Extrude cut to the developed 0.25x 0.25 m
2 
Fresnel lens. 
A flow chart summarizing the procedure of developing the Fresnel lens is shown in Figure 4.4. 
The light source, developed Fresnel lens and the receiver were assembled and coupled in one 
assembly to be used for ray tracing simulation.  
0
.3
5
m
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Figure ‎4.4: Flow chart of the developing process of point-focus Fresnel lens using 
SolidWorks. 
4.2.2. Ray tracing technique theory and assumptions 
OptisWorks is a powerful commercial software widely used by architecture, lighting and car 
industries to evaluate and optimise the optical performance in many applications. It offers the 
solution for the optical study using the ray tracing technique taking into consideration the 
different physical characteristics varying from the nature of the source of light to properties of 
the reflector and refractors materials. The technique is capable of simulating the sun intensity 
to show irradiance, power and flux distributions on the concentrator aperture and on the 
receiver surface. Therefore, OptisWorks was used in this research to develop the optical 
Define the focal length, material 
refractive index and the aperture 
distance from the centre 
Start 
Input angle (α) in SolidWorks  
Calculate (α) using equation 4.4 in Excel spreadsheet  
Generate the circular Fresnel lens   
Extrude cut the Fresnel lens to have a square one 
Stop 
 Define the size, thickness and 
groove pitch in SolidWorks 
Assemble the light source, Fresnel lens and the receiver 
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system required for high concentration of radiation on PV cell. A brief literature review on 
ray tracing method for optical modelling of solar concentrators can be found in Appendix C. 
Snell’s laws describe the behaviour of the refracting and reflecting rays by defining the 
relationship between the angles of incidence and refraction for rays striking a surface between 
two media of different refractive indices. It is more convenient to implement ray tracing 
algorithms in vector-based design software, where each ray is represented by a vector, than in 
a scalar-based one. To use Snell’s law of reflection in vector form, it is required first to find 
the point of incidence of the incoming ray on the reflecting surface. Then, a unit vector 
normal to the surface (normal vector) at the point of interest and a unit vector incident into 
that point (incident ray vector) can be defined as demonstrated in Figure 4.5a. Here, i is the 
unit vector along the incident ray, and n is the unit vector normal to the surface. The vector r, 
which is the unit vector along the reflected rays, can be calculated using equation 4.5 
[186,192,193]: 
 2 nr i i n                                   (4.5) 
The calculation of the refracted rays is performed in a similar technique. Firstly, for a given 
ray, the point of incidence at the boundary of the refracting media must be found, and a unit 
vector corresponding to the incident ray must be traced as shown in Figure 4.5b. Here, n1 
represents the index of refraction of the input media, n2 represents the index of refraction of 
the concentrator, i is the unit vector along the incident ray and t is the unit vector along the 
refracted ray. The vectors of the rays are analysed in a numerical computation through their 
vector components. The vector t is calculated by [193]:  
2 1n t n n i n                                                                                          (4.6) 
This relation assumes that the incident and the refracted rays in the figure are in the same 
plane. It can be observed that this expression is equivalent to the scalar form of Snell’s law of 
refraction, where t x n = sinθi and i x n = sinθt. A more useful expression of ray tracing can be 
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obtained from equation 4.6 by multiplying it vectorially by n which gives [193]: 
2 1 2 1 1( • - • )n t n i n t n n i n n                                                                                               (4.7) 
This is equivalent to:  
 2 1 2 1cos cost in t n n i n n n                                                                                   (4.8)  
The angle of refraction θt can be calculated using equation 4.9:  
1 1
2
sin
θ sin it
n
n
    
 
 (4.9) 
Depending on the surface quality and material used, a ray which is incident at the Fresnel lens 
surface may be reflected back, absorbed or transmitted through the lens as shown in Figure 
4.5 [33,47,60] where the direction of the transmitted rays is described by Snell’s law. PV 
solar cells used in HCPV systems are assumed perfect black bodies; therefore all incident 
energy will be absorbed by the photovoltaic solar cell and either converted into electrical or 
thermal energy [192]. 
  
Figure ‎4.5: Vector formulation of Snell’s laws: a) law of reflection; b) law of refraction 
[193]. 
If a reflector is introduced as a secondary optical element (SOE), some of the rays striking the 
reflector are reflected back whereas some are absorbed causing loss of energy depending on 
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the reflectivity of the material. Rays entering the SOE intersect with the Fresnel lens first and 
then as shown in Figure 4.6 either strike the absorber (PV) with no previous reflections, 
reflect a finite number of times before intersecting with the absorber, or reflect a finite 
number of times before exiting.  
 
 
        
 
 
Figure ‎4.6: Rays entering the SOE after intersecting the Fresnel lens. 
The following assumptions were made for the ray tracing analysis [192]: 
I. All rays follow Fermat’s principle which states that rays follow shortest distance and 
take minimum time when travelling from one point to another.  
II. All reflections are specular (angle of incidence equals the angle of reflection). 
III. The incident solar radiation is made up of parallel rays carrying equal amount of 
energy. 
The optical efficiency of the developed point-focus Fresnel lens with and without SOE and 
the flux distribution on the receiver with and without the secondary optical element were 
investigated using the ray tracing technique. The acceptance angle of the Fresnel lens with 
and without SOE will be discussed in the next chapter. In order to characterise the optical 
system of the HCPV, the material and the optical properties for each part of the assembly 
(source, optical elements and the receiver) has to be defined. 
Reflector (SOE)  
Rays leaving the absorber 
(PV) 
Rays striking the absorber 
(PV) directly  
Rays striking the absorber 
(PV) after reflection 
Rays not striking the 
absorber (PV)  
Absorber (PV) 
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4.2.3. Optical simulation set-up  
The use of OptisWorks for ray tracing simulation of the optical system involves five major 
stages (shown in Figure 4.7) including drawing the Fresnel lens geometry, modelling the 
source (sun), defining material properties, defining the incoming and receiver detectors and 
running the ray tracing simulation.  
4.2.3.1. Light source and receiver modelling 
The source can be modelled to represent the real sun or a light source like lamp in a solar 
simulator. Its definition involves defining the power (W), emittance type (uniform or 
variable), intensity type (Lambertian, Cos or Gaussian), spectrum (Monochromatic or 
blackbody), temperature, ray tracing (true or false colour) and the number of rays. The 
boundary conditions applied include the irradiance in the source, refractivity/reflectivity of 
the concentrator, absorptivity of the receiver and half acceptance angle.  
The simulation was carried out according to the process outlined in Figure 4.7 with circular 
light source set to be uniform and radiation value of 1000 W/m
2
. Moreover, in this simulation 
the source was set to generate 10 Mega rays and the shape of the source was defined as planar 
and its size was made larger than the Fresnel lens length, so that the rays emitted cover the 
entire Fresnel lens aperture. The intensity type used is Lambertian and half angle of 0
o
 was set 
for the source. The spectrum of the light source is set to a spectrum emitted by a blackbody at 
5400 K to simulate the spectrum of the sun.  
Figure 4.8 shows the light source spectrum taken from the ray tracing software. Finally, the 
absorptivity of the receiver was set to have 100% absorption. 
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Figure ‎4.7: Flow chart of the modelling process of point-focus Fresnel lens using ray tracing 
method. 
 
 
 
Figure ‎4.8: Solar radiation spectrum of the simulation light source. 
Start 
Boundary conditions: defining the 
optical and material properties of the 
source, lens and receiver 
Defining the illumination detectors for incoming and received 
irradiance on the Fresnel lens and the receiver 
Developing the Fresnel lens geometry in SolidWorks 
Running the ray tracing and simulation with 10 Mega rays 
Study the ray distribution and calculate the optical efficiency 
Stop 
Modelling the sun (in terms of power, 
spectrum, temperature, etc) 
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4.2.3.2. Fresnel lens modelling 
After generating the Fresnel lens geometry, the Fresnel lens material and optical properties 
were set. In this Fresnel lens, the material is PMMA which is a typical optical plastic with a 
refractive index varying from 1.48 to 1.5 for a wavelength from 1600 to 400 nm [108]. Since 
the refraction index of the PMMA material is a function of the solar radiation wavelength, 
Figure 4.9 shows the refractive index spectrum that was set in the optical simulation.  
 
 
 
 
 
Figure ‎4.9: The Refractive index spectrum of the PMMA along the wavelength. 
Moreover, the light absorption of the PMMA material is a function of the radiation 
wavelength. Figure 4.10 shows the absorption spectrum of the PMMA material with the 
wavelength that was set for the optical simulation.    
 
 
 
 
 
 
 
 
 
 
Figure ‎4.10: The absorption spectrum of the PMMA along the wavelength. 
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4.2.4. Optical simulation characterisation of off-the-shelf Fresnel lens 
The available Fresnel lens with the listed parameters in Table 3.1 (chapter 3) will be 
characterised with and without secondary optical element in terms of optical efficiency and 
ray distribution uniformity and the output results will be compared against the experimental 
work. 
4.2.4.1. Optical efficiency investigation 
Although Fresnel lenses can be fabricated in large geometries, their size is chosen based on 
the target concentration, the cell size and its thermal management requirements and the 
maximum reasonable depth of the enclosure [33]. High geometrical concentration ratio is 
targeted i.e. above 100X, so the aperture area of the Fresnel lens was varied as per the 
following: 0.13x0.13m
2
, 0.15x0.15m
2
, 0.18x0.18m
2
, 0.2x0.2m
2
 and 0.25x0.25m
2
 to produce 
geometrical concentration ratios of: 169X, 225X, 324X, 400X and 625X respectively as the 
area of the receiver is 0.01x0.01m
2
. The applied radiation flux was set to 1X=1000 W/m
2
 
through all the simulations. The optical efficiency (ηopt) of a point-focus Fresnel lens can be 
calculated using the following equation [194]: 
Average power on the receiver
Average power on the aperture
opt                             (4.10)  
Figure 4.11 shows the HCPV optical assembly, including the ray source, Fresnel lens and the 
receiver; the incident rays refracted by the Fresnel lens to the receiver.  
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Figure ‎4.11: CPV assembly shows incident rays after refracted by the Fresnel lens. 
Figure 4.12 shows the 2-D image of the incident rays on the receiver for the case of 
0.18x0.18m
2
 aperture area Fresnel lens. The Fresnel lens produces a high concentration of 
energy at the centre of the receiver limited between -0.5mm to +0.5mm region.  
 
 
 
 
 
Figure ‎4.12: 2-D Incident rays distribution and magnitude on the receiver for 0.18x0.18m
2
 
aperture area lens. 
Figure 4.13 shows a 3-D image of the incident radiation flux in W/m
2
 and its distribution on 
the receiver for the 0.18x0.18m
2
 aperture area Fresnel lens.  
 
 
Incident rays   
Receiver 
Fresnel lens  
Ray source    
Focal length ( f ) 
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Figure ‎4.13: 3-D Incident rays distribution and magnitude on the absorber for 0.18x0.18m
2 
aperture area lens. 
The 2-D and 3-D images above are the typical incident flux profile on the receiver when a 
point-focus Fresnel lens is used without SOE.   
Table 4.1 shows the simulation results including the F-number, received flux distribution, 
received power and the optical efficiency of the five different Fresnel lens aperture areas. It 
can be observed that for the same focal length, reducing the aperture area results in better 
optical efficiency. For instance, the optical efficiency for 0.13x0.13m
2 
and 0.25x0.25m
2
 
apertures is about 66% and 59% respectively. The depth of the Fresnel lens prisms increases 
with the distance from the centre axis of the Fresnel lens since the slope angle (α) is increased. 
Therefore, increasing the aperture area results in higher number of deeper prisms which 
experience more reflection losses and material absorption than shallow ones 
[33,46,79,126,134]. 
The F-number of a Fresnel lens can be defined as the ratio of the focal length (f) to the 
aperture diameter (D) as shown in the following equation: 
focal length( )
F-number
diameter ( )
f
D
                                                                                                (4.11) 
The highest and lowest optical efficiency are achieved at F-number of 1.36 and 0.71 
W/m
2
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respectively where the Fresnel lens aperture areas are 0.13x0.13m
2
 and 0.25x0.25m
2
. For the 
same Fresnel lens aperture area, the optical efficiency can be enhanced by increasing its focal 
length; this will be discussed further in the optimisation chapter. It can be concluded that 
optical efficiency is directly proportional to the F-number.  
Table ‎4.1: Summary of increasing the Fresnel lens aperture area on the simulated optical 
efficiency. 
Aperture area     
(m
2
) 
Fresnel lens   
F-number 
Received flux 
distribution 
Input  
power (W) 
Received 
power (W) 
Optical 
efficiency (%) 
0.25x0.25 0.71 
 
62.5 37.12 59.4 
0.2x0.2 0.88 
 
40 25.12 62.8 
0.18x0.18 0.98 
 
32.4 20.73 64.0 
0.15x0.15 1.18 
 
22.5 14.72 65.4 
0.13x0.13 1.36 
 
16.90 11.20 66.3 
From the simulation results, it can be concluded that the tested Fresnel lens produced high 
peak power but with non-uniform ray distribution profile where energy is concentrated in a 
very small area of the receiver. This illumination profile is typical for point-focus Fresnel lens 
which tends to cause a hot spot and current mismatch leading to a reduction in the electrical 
efficiency of the system and degrade the life of the solar cell [25,38,155,157]. Methods to 
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improve the distribution of the incident rays will be covered in the following sections. 
4.2.4.2. Incident rays uniformity characterisation   
Non-uniform illumination is one of the main operational challenges that degrades the HCPV 
system performance [101,142,143]. A cell under non-uniform illumination may experience a 
drop in both open-circuit voltage and efficiency compared to a cell under uniform 
illumination, although both cells could receive identical total illumination [95]. In order to 
increase the uniformity on the receiver (PV), two techniques were investigated: varying the 
distance between the Fresnel lens and the PV and introducing a secondary optical element 
(SOE) on the receiver. The main objective is to have a uniform irradiation on the receiver 
with minimum loss in the received energy i.e. minimum loss in the optical efficiency.  
The spatial radiation power of the incident rays can be exported from OptisWorks to Excel 
spreadsheet to assess the degree of non-uniformity by calculating the standard deviation 
which can illustrate how much the spatial incident rays differ from the mean value of the 
whole incident rays. A low standard deviation indicates that all the spatial rays received by 
the solar cell are close to the mean value i.e. more uniform and vice versa [154]. The equation 
below is used to calculate the standard deviation of a sample of data: 
 
2
σ
1
x x
n




                   (4.12) 
Where x represents the value of each member, x  is the average of all values and (n) is the 
number of values.  
The incident rays profile, as shown in Figure 4.14, is symmetrical in shape; therefore, the 
radiation flux on the receiver was taken along the horizontal, vertical and diagonal axis to 
calculate the uniformity. The user can select the line where to take the incident radiation 
power values using a cursor as shown in Figure 4.14b and the number of samples which was 
set to 200 for each line.  
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f =0.25m 
l =0.29m 
 
  
 
 
 
 
 
Figure ‎4.14: a) 3-D image of ray distribution for 0.18x0.18m
2
 lens in W/m
2
; b) 2-D image of 
ray distribution. 
Three Fresnel lens aperture areas of 0.13x0.13m
2
, 0.18x0.18m
2
 and 0.25mx0.25m
2
 equivalent 
to geometrical concentration ratios of 169X, 324X and 625X respectively will be used in the 
uniformity tests.  
Effect of varying the distance between the Fresnel lens and the receiver (l) 
The concept of varying the distance between the Fresnel lens and the receiver, (l), can be 
illustrated in Figure 4.15 [113]. At a distance higher than the focal length (f = 0.25m) rays 
start to diverge forming different profile on the receiver as the distance (l) increases. The 
uniformity and the received power on the receiver were investigated at various distance (l):  
0.235m, 0.24m, 0.245m,  l = f = 0.25m, 0.255m, 0.26m, 0.265m, 0.27m, 0.275m, 0.28m, 
0.285m and 0.29m. 
  
 
 
 
 
 
Figure ‎4.15: a) Rays converging at focal length; b) rays diverging after focal length. 
(a) (b) 
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Figure 4.16 shows the influence of varying the distance (l) on the received power and 
uniformity for 0.18x0.18m
2
 aperture Fresnel lens. It is clear from the Figure that the received 
power is negatively influenced by increasing the distance (l) from the focal length height (l = f 
=0.25m) while the non-uniformity is improved. For example, the received power at focal 
length, i.e. l = f =0.25m, is 20.73 W with optical efficiency of 64% while the power at l = 
0.28m is 7.48 W with optical efficiency of about 23%. On the other hand, the incident rays 
non-uniformity is maximum at the focal length (σ = 692.45) while it is minimum at l = 0.29m 
(σ ˂ 1). The same behaviour with less uniformity is observed when the distance (l) becomes 
shorter than the focal length height. It can be concluded that increasing the distance (l) leads 
to a better uniformity but with higher optical losses.  
 
 
 
 
 
 
Figure ‎4.16: Effect of varying the distance (l) on the received power and uniformity. 
Figure 4.17 shows the optical efficiency of the three different apertures of Fresnel lens at 
different distance (l). It can be observed that the maximum optical efficiency is when the 
receiver at the focus point i.e. at 0.250m. Moreover, due to the reduction of the received 
power on the receiver as the distance (l) varied from the focus point, the optical efficiency 
decreases as well.  
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Figure ‎4.17: Effect of varying the distance (l) on the optical efficiency. 
Figure 4.18 illustrates the influence of varying the distance (l) on the received rays uniformity 
for the three different Fresnel lens apertures. The non-uniformity is maximal at the focus point 
for all the tested apertures of the Fresnel lens. It is clear that the degree of non-uniformity is 
directly proportional to the Fresnel lens geometrical concentration ratio. For example, the 
non-uniformity for 0.25x0.25m
2
 Fresnel lens aperture exceeds 850 while it is about 450 in 
case of 0.13x0.13m
2
 Fresnel lens aperture. Increasing the distance (l) would increase the 
divergence of the rays on the receiver which ultimately improves the incident rays uniformity 
noticeably. For the three Fresnel lens apertures, the degree of non-uniformity drops 
dramatically after the focus point i.e l= f =0.25m. 
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Figure ‎4.18: Effect of varying the distance (l) on the uniformity. 
Table 4.2 shows a summary of the testing results including the received power, optical 
efficiency, non-uniformity and received radiation flux profile for the Fresnel lens with 
aperture area of 0.18x0.18m
2
 at different distances of (l). Although the uniformity was 
significantly improved using this technique from about 692 at l = f = 0.25m to less than 1 at 
l=0.290m, the received power is very low. It is crucial to have an optical system able to keep 
the illumination distribution uniform with minimum optical losses compared to the point-
focus case. Similar trends were also observed with Fresnel lens apertures of 0.13x0.13m
2
 and 
0.25x0.25m
2
.  
Table ‎4.2: Summary of increasing the distance (l) on the simulated received power and 
uniformity without SOE for 0.18x0.18 m
2
 lens. 
Distance 
(l) (m) 
Non-
uniformity 
Received flux 
distribution 
Input 
power(W) 
Received 
power (W) 
Optical 
efficiency 
(%) 
l=f =0.25  692.45 
 
32.40 20.73 64.0 
0.255 439.81 
 
32.40 20.32 62.7 
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0.26 43.69 
 
32.40 19.48 60.1 
0.265 12.32 
 
32.40 17.93 55.3 
0.270 4.84 
 
32.40 14.71 45.4 
0.275 2.75 
 
32.40 10.43 32.2 
0.280 1.64 
 
32.40 7.48 23.1 
 
0.285 1.16 
 
32.40 4.99 15.4 
 
0.290 0.84 
 
32.40 4.28 13.2 
Effect of introducing Secondary Optical Element (SOE) 
Secondary optical element is used to improve the spectral homogeneity of point-focus Fresnel 
lens high concentration systems. A hollow inverted truncated pyramid reflector (HITPR) is 
one of the easiest SOE to manufacture and the lowest cost among other types of SOE which 
has been widely integrated with HCPV systems [109,126,128,132,195]. This SOE type was 
utilised by the CPV specialist Company (Amonix) which claimed to have the highest 
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concentrator module efficiency after the NREL measured its 35.9% module [132,196]. The 
only disadvantage of using more than one optical element in the optical system is that the total 
optical efficiency will decrease by increasing its number due to the increase in the optical 
losses [151]. In the current study, HITPR was designed using SolidWorks and then inserted to 
the developed HCPV assembly for optical analysis using OptisWorks as shown in Figure 
4.19.  
 
 
 
 
 
 
 
 
 
 
Figure ‎4.19: HCPV assembly including the HITPR SOE. 
After increasing the distance (l), the SOE is placed so that the diverging rays after the focus 
point are reflected to the receiver as illustrated in Figure 4.20a. The material reflectivity of the 
HITPR inner walls has overall average of 90%. The objective is to have a uniform irradiation 
on the receiver with minimum loss in received energy compared to the received power at 
focal length. The Fresnel lens with aperture area of 0.18x0.18m
2
 and geometrical 
concentration ratio of 324X was used in the simulation with value of (l) ranging from 0.255-
0.300m with a step of 0.005m. 
 
Ray source    
HITPR 
Receiver 
Fresnel lens  
Incident rays   
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Figure ‎4.20: a) Diverging rays after the focus point are reflected to the receiver using HITPR; 
b) 3D schematic diagram of HITRP above the PV cell. 
Six HITPRs (Figure 4.21) with the following heights were placed above the PV assembly to 
examine their influence on the illumination uniformity: 0.01m, 0.02m, 0.03m, 0.04m, 0.05m 
and 0.06m. The SOE height was limited to 0.06m to facilitate cleaning the PV surface and for 
economic reasons. For each HITPR the distance (l) was varied 10 times which means there 
were 60 cases investigated to find out the optimum combination of reflector height and 
distance (l).  
 
 
 
 
 
Figure ‎4.21: Different height of HITPRs investigated. 
Figure 4.22 compares the non-uniformity achieved using all the SOEs showing that the non-
uniformity is maximal close to the focus point (f = 0.25m) and reduces as the distance (l) 
increases. Moreover, Figure 4.22 shows that 0.01m, 0.02m and 0.03m SOEs produce almost 
the same level of non-uniformity at different values of distance (l) while 0.06m SOE produces 
better ray distribution along the distance (l).  
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Figure ‎4.22: Effect of varying the distance (l) on the uniformity. 
The best three SOEs in terms of uniformity were examined further to determine the optical 
efficiency. Focusing on the range of (l) = 0.285-0.3m where the uniformity is high, 0.06m 
height SOE has shown the best optical efficiency as shown in Figure 4.23.  
 
 
 
 
 
 
Figure ‎4.23: Effect of varying the distance (l) on the optical efficiency. 
Figure 4.24 shows the optical efficiency and non-uniformity curves of the optical system with 
0.06m SOE along the distance (l). The optimum distance (l) is a distance that ensures low 
degree of non-uniformity and at the same time minimum optical losses compared to the focus 
point case. From Figure 4.24 it can be concluded that l=0.29m is the optimum distance where 
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the total optical efficiency is the highest. The non-uniformity dropped from 692 at focus point 
without SOE (Table 4.2) to 1.67 at l=0.29m. Moreover, the total optical efficiency increased 
more than 250% after introducing the SOE i.e. from 13% at l=0.29m (Table 4.2) to more than 
46%.  
 
 
 
 
 
 
Figure ‎4.24: Optical efficiency and non-uniformity curves along distance (l) for 0.06m SOE. 
Figure 4.25 shows 3-D images of the incident ray profile on the receiver for the 0.18x0.18 m
2 
Fresnel lens at focus point without SOE (a) and at l=0.29m with 0.06m SOE (b). It is clear 
that the incident ray distribution has improved noticeably where rays cover most of the 
receiver area.  
 
 
 
 
 
Figure ‎4.25: a) Incident radiation flux in W/m
2
 for point-focus case & b) combination of 
l=0.29m and 0.06m reflector case. 
(b
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Table 4.3 shows a summary of the modelling results including the received power, optical 
efficiency, non- uniformity and received radiation flux profile for the 0.18x0.18m
2 
Fresnel 
lens at focus point i.e. l= 0.250m, at l= 0.29m and at l= 0.29m with integrating 0.06m SOE. 
The received power has increased 3 times after introducing the SOE at l= 0.29m from about 4 
W to about 15 W with relatively slight increase in the irradiation non-uniformity. Therefore, 
the optical efficiency was increased after placing the SOE compared to the case at the same 
distance (l) but without SOE from about 13% to more than 46%. Moreover, the degree of 
non-uniformity of incident rays was improved from about 692 at focus point to about 2 by 
increasing the distance (l) and introducing the 0.06m SOE.  
Table ‎4.3: Summary of simulated received power and uniformity for 0.18x0.18m
2
 lens. 
Distance (l) 
(m) 
Non-uniformity Received flux 
distribution 
Input  
power (W) 
Received 
power (W) 
Optical 
efficiency (%) 
l= f =0.25, 
no SOE 
692.45 
 
32.40 20.73 64.0 
l=0.29, no 
SOE 
0.84 
 
32.40 4.28 13.2 
l=0.29 & 
0.06m SOE 
1.67 
 
32.40 14.98 46.2 
4.3. Outdoor experimental validation of the developed optical simulation  
A HCPV system consisting of primary and secondary optical elements, multi-junction solar 
cell and cooling system was assembled and tested outdoor to examine its optical and electrical 
performance. The optical performance examination includes the optical efficiency of the 
optical system and the illumination uniformity on the receiver with and without SOE. 
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Moreover, the electrical performance of the HCPV system was investigated with and without 
SOE to examine the effect of non-uniform illumination on the electrical output.   
4.3.1. Outdoor optical efficiency investigation 
Five different Fresnel lens aperture areas 0.13x0.13, 0.15x0.15, 0.18x0.18, 0.2x0.2 and 
0.25x0.25 m
2
 with the following geometrical concentration ratios were examined 
experimentally to determine their optical efficiency at the focus point (l=0.25m) without SOE: 
169X, 225X, 324X, 400X and 625X. Figure 4.26 shows the experimental optical efficiency 
results compared to the simulation work.  
 
Figure ‎4.26: Experimental and simulation optical efficiency comparison. 
It can be observed the close agreement between the experimental and simulation optical 
efficiency values. The simulation maximum variation from the experimental output is less 
than 9% at concentration ratio of 169X i.e. Fresnel lens with aperture area of 0.13x0.13m
2
.  
4.3.2. Outdoor incident irradiation uniformity investigation 
In this section, the incident rays uniformity was experimentally investigated outdoor at focus 
point, at different distance of (l) and after placing the SOE. The degree of non-uniformity was 
assessed experimentally by visual inspection, temperature distribution underneath the solar 
cell and its influence on the electrical performance of the HCPV system.   
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4.3.2.1. Illumination uniformity at focus point  
A multi-junction solar cell was placed underneath the Fresnel lens with aperture area of 
0.18x0.18 m
2
 at its focus point i.e. at distance f = 0.25m. Figure 4.27 shows the simulation 
and experimental illumination profile on the solar cell; the point-focus profile is clear on the 
PV surface for both cases. 
  
  
 
 
Figure ‎4.27: a) Simulation incident rays profile; b) Experimental incident rays profile. 
Figure 4.28 shows the temperature distribution including the centre and sides temperature of 
the solar cell for the Fresnel lens with aperture areas of 0.13x0.13 m
2
, 0.18x0.18 m
2
 and 
0.25x0.25 m
2
. As shown in the Figure, the temperature at the centre of the PV in all tested 
Fresnel lens apertures was higher than the sides and the temperature difference was dependent 
on the concentration ratio. For example, the centre temperature of the 0.25x0.25 m
2
 aperture 
area Fresnel lens was 17
o
C higher than the two sides while in case of 0.13x0.13 m
2
 the 
difference was less than 5
o
C.  
 
 
 
 
 
a) b) 
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Figure ‎4.28: 2-D Measured temperature distribution of the solar cell for different Fresnel lens 
aperture areas. 
Figure 4.29 shows the experimental 3D temperature distribution measured underneath the PV 
for the Fresnel lens with aperture areas of 0.13x0.13 m
2
, 0.18x0.18 m
2
 and 0.25x0.25 m
2
. 
Figure ‎4.29: a) 3-D PV measured temperature distribution for 0.13x0.13 m
2 
aperture area 
Fresnel lens; b) for 0.18x0.18 m
2
; c) for 0.25x0.25 m
2
. 
The electrical conversion efficiency of the HCPV system is calculated using the following 
equation: 
max max
elec
in r
P P
P G A
  

                                                (4.13) 
Where Pmax in (W) is the maximum electrical power produced by the multi-junction solar cell, 
Pin in (W) is the input solar power, G is the incident ray on the PV (W/m
2) and Ar (m
2
) is the 
area of the receiver. To eliminate any output power reduction due to the temperature effect, 
the maximum power was measured using the I-V curve tracer as described in chapter 3 at 
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reference temperature i.e. 25
o
C in all the cases. Based on the equation above, the experimental 
electrical efficiency of the MJ solar cell underneath the Fresnel lens with aperture area of 
0.18x0.18 m
2
 at focus point was found to be about 22% compared to the efficiency of the 
solar cell obtained at standard controlled lab conditions which was about 40%, with a 
reduction of 45%.  
4.3.2.2. Illumination uniformity at different values of (l) without SOE 
The influence of varying the distance (l) on the optical and electrical performances of the 
HCPV and received irradiance uniformity for 0.18x0.18m
2
 Fresnel lens aperture area was 
examined experimentally and compared with the simulation results. The distance (l) was 
increased from 0.25-0.295m with a step of 0.005m. Figure 4.30 shows that the optical 
efficiency is negatively influenced by increasing the distance (l). It can be seen that the 
experimental optical efficiency drops from about 63% at focus point i.e. f = l = 0.25m to about 
15% at l=0.29m. Figure 4.30 shows the close agreement between the simulation and 
experimental results with maximum difference of about 10%. 
 
 
 
 
 
Figure ‎4.30: Experimental and simulation optical efficiency at different distance of (l). 
Figure 4.31 shows the effect of increasing the distance (l) on both experimental optical and 
electrical efficiency. As the distance (l) increases the electrical efficiency increases; this may 
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be explained by the improvement in the incident illumination uniformity. The electrical 
efficiency increased from about 22% at focus point to about 37% at l=0.295m with increase of 
about 68%. 
 
 
 
 
 
 
 
 
 
Figure ‎4.31: Experimental optical and electrical efficiency of HCPV with distance (l). 
Figure 4.32 shows the relationship between the calculated illumination non-uniformity using 
the standard deviation and the experimental electrical efficiency. It shows that the maximum 
HCPV electrical performance is at distance (l) where the non-uniformity is minimum. The 
electrical efficiency is adversely affected by the increase in the incident rays non-uniformity. 
 
 
 
 
 
Figure ‎4.32: Relationship between experimental electrical efficiency and calculated non-
uniform illumination. 
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Figure 4.33 shows the 2& 3-D measured temperature distribution underneath the PV for the 
0.18x0.18m
2
 aperture area Fresnel lens. Figure 4.33a shows the 2-D measured temperature 
distribution at focus point and at l=0.295m. Whereas, Figure 4.33c shows the 3-D measured 
temperature distribution at l=0.295m where the centre, sides and corners temperature are 
almost the same with maximum difference of about 1 
o
C while at point-focus illumination the 
maximum difference is about 13 
o
C (4.33b). The hot spot is almost eliminated by increasing 
the incident rays uniformity.    
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎4.33: a) 2-D PV measured temperature distribution at focus point and at l=0.295m; b) 
3-D PV measured temperature distribution at focus point; c) 3-D measured temperature 
distribution at l=0.295m. 
Table 4.4 shows a summary of the testing results including the experimental electrical 
efficiency, experimental optical efficiency, non- uniformity and received radiation flux profile 
as the distance (l) increases for the Fresnel lens with aperture area of 0.18x0.18m
2
. It shows 
clearly the effect of increasing the distance (l) in improving the irradiance uniformity as the 
incident illumination is spread over the PV assembly which enhances the electrical 
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performance of the HCPV. Although the electrical efficiency was improved due to the better 
incident rays distribution on the solar cell, the optical efficiency was dropped from about 63% 
at focus point to about 15% at (l) =0.29m. It is crucial to maintain the received power i.e. 
optical efficiency while improving the incident rays uniformity. In the following section the 
influence of introducing the SOE on the optical and electrical performance of the CPV system 
was examined.   
Table ‎4.4: Summary of optical and electrical examinations at different values of (l). 
Distance 
(l) (m) 
Non- 
uniformity 
Simulation flux  
distribution 
Experimental flux  
distribution 
Experimental 
electrical 
efficiency 
(%) 
Experimental 
optical 
efficiency 
(%) 
l=f 
=0.25  
692.45 
 
 
22.3 62.9 
 
0.26 43.69 
  
22.6 
 
58.1 
 
0.27 4.84 
  
28.3 
 
49.8 
 
0.28 1.64 
  
35.0 
 
25.5 
 
0.29 0.84 
  
36.4 
 
14.6 
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4.3.2.3. Illumination uniformity after introducing the SOE 
In-house developed 0.06m HITPR with reflectivity of 90% was introduced to the HCPV 
system as shown in Figure 4.34 to examine its ability to improve the illumination uniformity 
without losing the received power i.e. maintaining the optical efficiency. The same procedure 
of increasing the distance (l) was repeated here but with SOE to examine its influence on the 
optical and electrical performance of the HCPV. The distance (l) was increased from 0.25-0.3 
m with a distance step of 0.005m.  
 
 
 
 
 
 
 
 
 
 
Figure ‎4.34: Secondary optical element above the multi-junction PV assembly. 
Figure 4.35 shows the experimental and simulation optical efficiency of the HCPV after 
introducing the 0.06m SOE. There is a close agreement between the experimental and 
simulation optical efficiency with maximum difference of about 9%. Unlike the optical 
efficiency descending trend when increasing the distance (l) without SOE, with SOE the 
optical efficiency increases as the distance (l) increased. This can be referred to the increase in 
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the total acceptance angle of the optical system as the distance (l) increases which allow more 
rays to enter the SOE aperture and reflected to the solar cell.  
 
 
 
 
 
 
 
Figure ‎4.35: Experimental and simulation optical efficiency of the lens at different distance 
of (l) with SOE. 
Figure 4.36 shows the experimental electrical and optical efficiencies of the HCPV after 
incorporating the SOE. For both optical and electrical parameters, efficiencies increase till 
reaching the optimum distance at l=0.29m where after this point the curve starts descending. 
It can be concluded that (l) =0.29m is the optimum point where the electrical and optical 
efficiencies are the highest. The optical experimental efficiency increased from about 13% at 
the focus point to more than 46% at l = 0.29m while the electrical efficiency increased from 
about 28% to about 36%. The electrical efficiency at focus point with SOE is higher than the 
electrical efficiency at focus point without SOE i.e. 28% compared to 22% respectively. This 
may be due to the reduction in degree of non-uniform illumination after placing the SOE as 
some of the refracted rays are blocked by the outer walls of the SOE which reduced the 
intensity of the non-uniform illumination. 
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Figure ‎4.36: Experimental optical and electrical efficiencies of the HCPV at different 
distance of (l) with SOE. 
Figure 4.37 shows the relationship between the experimental electrical efficiency and the 
calculated non uniformity. The lowest electrical efficiency (28.1%) is at the highest non-
uniformity (261.6) i.e. at l = f = 0.25m and the maximum electrical efficiency (35.9%) is at 
the minimum non-uniformity (1.7) i.e. l=0.29m. This shows that the non-uniformity 
calculation based on the standard deviation method is a reliable tool to examine the degree of 
uniformity and relate it to the electrical performance.  
 
 
 
 
 
 
 
Figure ‎4.37: The relationship between the experimental electrical efficiency and the 
calculated non-uniformity. 
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Table 4.5 shows a summary of the testing results including the experimental electrical and 
optical efficiency, non- uniformity and received radiation flux profile for the Fresnel lens with 
aperture area of 0.18x0.18m
2 
at focus point (l=0.25m), at l=0.29m and at l= 0.29m with 
integrating 0.06m SOE. The experimental optical efficiency increased more than 200% after 
placing the SOE compared to the case at the same distance (l) but without SOE. It increased 
from about 15% to 45% with relatively slight increase in the irradiation non-uniformity 
leading to a slight decrease in the electrical efficiency i.e. 0.84 compared to 1.67 and 36.4% 
compared to 35.9% respectively. Therefore, it can be concluded that a combination of placing 
a SOE and increasing distance (l) is better than only increasing the distance (l) to improve the 
irradiation uniformity and enhance the HCPV performance.  
Table ‎4.5: Summary of optical and electrical examinations with and without SOE. 
Distance (l)  
(m) 
Non- 
uniformity 
Simulation flux  
distribution 
Experimental 
electrical efficiency 
(%) 
Experimental 
optical efficiency 
(%) 
l=f =0.25, no 
SOE  
692.45 
 
22.3 62.9 
 
l=0.29, no 
SOE 
0.84 
 
36.4 14.6 
l=0.29 & 
0.06m SOE 
1.67 
 
35.9 45.0 
The optical losses increase by increasing the number of the optical elements in a CPV system 
which can be observed from the Table above where the total optical efficiency reduced from 
about 63% to 45% after introducing the SOE with reduction of about 29%. But, the gain in 
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the electrical efficiency after improving the incident flux uniformity using the SOE is more 
than 60% which can compensate this loss.  
4.4. Summary  
A Fresnel lens was outsourced and its performance characterised using ray tracing method 
and outdoor experimental testing. The optical efficiency and the incident illumination 
uniformity on the receiver were examined. It was found that the Fresnel lens optical efficiency 
is inversely proportional to the aperture area. Also, all different Fresnel lens aperture areas 
produced non-uniform illumination on the receiver and the degree of non-uniformity is 
directly proportional to the geometrical concentration ratio. The distance between the 
concentrator and the receiver (l) was increased to improve the non-uniform illumination. 
Although, non-uniform illumination was improved by increasing the distance (l), the optical 
efficiency was reduced significantly. In order to increase the optical efficiency and maintain 
the same level of irradiation uniformity, the distance (l) was increased and a SOE was placed 
above the PV assembly. It was found that the simulated optical efficiency increased more than 
250% from 13% to about 46% with almost the same degree of uniformity and electrical 
efficiency.  
Outdoor experimental HCPV set-up was assembled to validate the optical simulation and to 
test the electrical performance of the system. The optical efficiency of five different Fresnel 
lens aperture areas was investigated outdoor and compared against the developed simulation. 
There was close agreement between the simulation optical efficiency and the experimental 
work with maximum difference of about 9%. Moreover, the optical efficiency results with and 
without SOE as the distance (l) increases were also confirmed by the experimental work. The 
electrical efficiency of the multi-junction solar cell was examined outdoor before and after 
improving the incident illumination uniformity. Outdoor investigation revealed that non-
uniform illumination on the solar cell may reduce the MJ electrical output by more than 40% 
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when compared to the case with improved uniformity after placing the SOE at the optimum 
distance l and by 45% when compared to the efficiency of the solar cell obtained at standard 
controlled lab conditions. The electrical efficiency that was measured under point-focus 
profile is about 22% and after increasing the distance (l) where the illumination spread over 
the PV assembly, the electrical efficiency increased to about 37% with increase of about 68%. 
The hot spot initiated by the non-uniform illumination was assessed experimentally by 
measuring the centre, side and corner surface temperatures of the PV under Fresnel lens with 
aperture area of 0.18x0.18m
2
. At focus point i.e. l= 0.25 m, a difference of about 13 
o
C was 
found between the centre and the side (0.005m distance) of the PV surface; but after 
improving the illumination uniformity by increasing the distance (l) a difference of about 1
o
C 
was measured. Although the experimental electrical performance of the HCPV was enhanced 
by more than 60% after improving the irradiation uniformity on the receiver, the total optical 
efficiency reduced about 29% after inserting the SOE. Therefore, in the next chapter a 
parametric study of the primary optical element (Fresnel lens) to enhance the HCPV optical 
performance will be discussed. 
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CHAPTER 5  
5. Optical and electrical optimisation of the HCPV system 
 
5.1. Introduction  
The developed optical simulation to characterise the HCPV Fresnel lens optical performance 
was validated using the outdoor experimental work as described in chapter 4. In this chapter, 
this validated optical simulation was used to carry out a parametric study on the primary 
optical element (Fresnel lens) to enhance the performance of the HCPV optical system using 
ray tracing technique. The optimised optical system was examined in terms of optical 
efficiency, incident rays uniformity and acceptance angle with and without a secondary 
optical element. Moreover, linear and non-linear assembly of more than HCPV systems 
before and after optical optimisation were investigated to examine the possibility of reducing 
space and cost.  
5.2. Optimisation of the HCPV optical system 
5.2.1. Parametric study of the primary optical element  
The validated optical simulation presented in the previous chapter will be used here to 
perform a parametric study on the Fresnel lens in order to enhance the HCPV optical system 
performance. The following Fresnel lens parameters will be investigated: focal length, groove 
pitch, surface thickness and surface transmissivity. High geometrical concentration ratio is 
targeted i.e. above 100X so five geometrical concentration ratios were chosen to be examined: 
169X, 225X, 324X, 400X and 625X. The applied radiation flux was set to 1X=1000 W/m
2
 
through all the simulation tests. Table 5.1 shows the initial parameters of the Fresnel lens 
characterised in the previous chapter. 
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Table ‎5.1: Initial Fresnel lens parameters. 
Parameter  Value 
Fresnel lens size (m
2
) 0.25x0.25 
Focal length (m) 0.25 
F-number 0.71 
Thickness (m) 0.003 
Groove pitch (m) 0.001 
Grooves direction grooves in (upside down) 
Transmissivity (%) 92 
Material  PMMA 
5.2.1.1. Effect of varying the Fresnel lens focal length (f) 
Focal length (f) can be defined as the distance between the Fresnel lens and the focus point 
[197]. Five focal lengths were investigated in terms of the optical efficiency namely 0.25m, 
0.35m, 0.45m, 0.55m and 0.65m. For each focal length, the slope angle (α) of each prism has 
to be recalculated and the Fresnel lens redesigned. Figure 5.1 shows the simulation results of 
varying the focal length (f) where increasing the focal length results in increasing the optical 
efficiency of the Fresnel lens. For example, the optical efficiency in case of focal length (f) = 
0.25m and 0.25x0.25m
2
 Fresnel lens aperture area is about 59% and increases to about 66% in 
case of (f) = 0.65m with increment of about 12%. In a short focal length lens, the angles of the 
exit rays and the facet surfaces are steeper which increase the reflection losses 
[33,46,79,126,134]. Increasing the focal length would reduce this steepness which ultimately 
minimises the optical loss. Figure 5.1 also shows that the positive influence of increasing the 
focal length on the optical efficiency is higher in large lenses than small ones. Although 
increasing the focal length would enhance the optical efficiency, this will be on the expense of 
the compactness of the HCPV system which may lead to more material consumption i.e. more 
costly system. Therefore, it is crucial to consider both the optical efficiency and compactness 
of the system during the focal length selection process. Figure 5.2 shows the relationship 
between the optical efficiency and F-number. The F-number as described in chapter 4 is the 
ratio of the focal length to the diameter of the Fresnel lens. The F-number of the Fresnel lens 
increases by increasing the focal length and as a result the optical efficiency improves. 
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Figure ‎5.1: Influence of increasing the focal length on the Fresnel lens optical efficiency. 
As shown in Figure 5.2, the optical efficiency has increased dramatically between F-number 
of 0.7 to 1.3 and after that the curve is almost horizontal. Therefore, it can be concluded that 
for the best optical efficiency F-number of ≥1.3 is recommended.  
 
 
Figure ‎5.2: Optical efficiency versus F-number. 
5.2.1.2. Effect of varying the Fresnel lens groove pitch 
Groove pitch is the width of each groove in the Fresnel lens. The groove pitch of the Fresnel 
lens was varied to examine its influence on the optical efficiency. Five groove pitches were 
investigated 0.001m, 0.002m, 0.003m, 0.004m and 0.005m. By increasing the groove pitch 
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for a fixed Fresnel lens size, the number of prisms decreased and vice versa. Figure 5.3 shows 
the influence of increasing the groove pitch on the optical performance. The optical efficiency 
increased by increasing the groove pitch to reach maximum at groove pitch of 0.003m then 
starts decreasing at higher values. It can be concluded from this Figure that 0.003m groove 
pitch is the optimum value where the optical efficiency is maximum. As the pitch becomes 
smaller, like the case of 0.001m groove pitch, the prisms will deliver more light into higher 
diffractive orders away from the desired focal position causing optical losses 
[33,126,134,197]. On the other hand, the size of the Fresnel lens prisms is increased when 
large groove pitch is used like the case of 0.005m which may lead to more internal reflection 
losses and material absorption i.e. more optical losses [33,46,79,126,134]. 
Figure ‎5.3: Optical efficiency versus groove pitch. 
5.2.1.3. Effect of varying the Fresnel lens surface thickness 
The thickness of the Fresnel lens was varied to examine its influence on the optical efficiency. 
Five surface thicknesses were investigated 0.001m, 0.002m, 0.003m, 0.004m and 0.005m. 
Figure 5.4 shows that the optical efficiency decreased by increasing the Fresnel lens thickness 
for all the tested cases. For instance, the optical efficiency of 0.001m and 0.005m thick 
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2 
are about 70% and 65% respectively with 
optical efficiency drop of about 7%. The loss in the optical efficiency can be referred to the 
reduction in the light transmissivity, which decreases when the Fresnel lens thickness 
increases [134]. 
 
 
Figure ‎5.4: Influence of Fresnel lens thickness on the optical efficiency. 
5.2.1.4. Effect of varying the Fresnel lens surface transmissivity 
Reflection at the surface, not absorption within the material, is the leading cause for 
transmission losses [134]. Anti-reflection coatings can be placed on the flat part of the Fresnel 
lens to reduce the reflection losses [33,47]. Nowadays, many processes are applied to reduce 
the surface reflectance of polymer substrates to less than 2% [198,199]. In this section the 
transmissivity of the Fresnel lens was varied to examine its effect on the optical efficiency. 
Six Fresnel lens surface transmissivity values were chosen for the optical efficiency 
examination 80%, 85%, 90%, 92%, 95% and 100% which are equivalent to the following 
surface reflectivity 20%, 15%, 10%, 8%, 5% and 0% respectively. Figure 5.5 shows that the 
optical efficiency increased noticeably by increasing the surface transmissivity as more rays 
are passing through the top surface of the Fresnel lens. For example, the optical efficiency of 
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the Fresnel with aperture area of 0.25x0.25m
2
 increased from about 45% to about 63% for 
transmissivity of 80% and 95% respectively with increment of about 40%. It can be 
concluded that enhancing the surface quality of the Fresnel lens would enhance the optical 
efficiency.  
Figure ‎5.5: Influence of Fresnel lens top surface transmissivity on the optical efficiency. 
It can be concluded that Fresnel lenses with focal length that produces F-number of ≥1.3 will 
have a better optical efficiency. Moreover, Fresnel lens with too many prisms causes loss in 
optical efficiency which is true also for the case of too few of them. Therefore, the optimum 
groove pitch is a value in between. Also, thinner Fresnel lens is better in transmitting light 
than bulky one. Finally, low reflective surface will allow more light rays to get through the 
Fresnel lens which ultimately improves the optical efficiency.  
5.2.2. Optical analysis of the optimised HCPV optical system  
5.2.2.1. Optical efficiency investigation 
The investigation process here is based on choosing the optimum Fresnel lens parameters that 
were examined in the previous section to evaluate the optical performance improvement. 
Table 5.2 shows the parameters of the Fresnel lens to be tested. The Fresnel lens aperture 
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areas to be examined are: 0.13x0.13m
2
, 0.15x0.15m
2
, 0.18x0.18m
2
, 0.2x0.2m
2
 and 
0.25x0.25m
2
 which are equivalent to the following geometrical concentration ratios: 169X, 
225X, 324X, 400X and 625X. Moreover, for the selected geometrical concentration ratios the 
focal length (0.46m) was chosen to have F-number ≥ 1.3. From the previous section it was 
found that thinner Fresnel lens performs better; therefore 0.001m thickness was chosen. Also, 
it was found that 0.003m groove pitch is the optimum choice in terms of optical efficiency. 
The reflection losses at the Fresnel lens surfaces are dependent on the angle of incidence but 
if the light incidence angle is zero i.e. the Fresnel lens is normal to the sun then the 
transmissivity of the PMMA Fresnel lens can be in the range of 92% - 96% [104,200]; 
therefore, the transmissivity of the tested Fresnel lens surface was set to 95% based on this 
range.  
Table ‎5.2: Optimised Fresnel lens parameters. 
Parameter  Value 
Focal length (m) 0.46 
Thickness (m) 0.001 
Groove pitch (m) 0.003 
Grooves direction  grooves in (upside down)  
Transmissivity (%) 95 
Material PMMA 
Table 5.3 shows the optical simulation results of the optimised Fresnel lens including the 
received flux distribution, received power and the optical efficiency. For comparison purpose, 
Figure 5.6 shows the performance of the Fresnel lens before and after the optimisation. The 
optimised Fresnel lens optical efficiency ranged from about 74% to 79% while the Fresnel 
lens before the optimisation process ranged from 59 to 67% with average increase of about 
21%. The improvement in the optical efficiency is more on large aperture areas Fresnel lens 
than smaller ones. For example, 0.25x0.25m
2
 Fresnel lens aperture area optical efficiency 
improvement is about 24% while it is about 18% for 0.13x0.13m
2
 one.  
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Table ‎5.3: Summary of optimised Fresnel lens simulation results. 
Aperture 
area (m
2
) 
Fresnel lens   
F-number 
Received flux 
distribution 
Input  
Power (W) 
Received 
power (W) 
Optical 
efficiency (%) 
0.25x0.25 1.30 
 
62.5 46.09 73.7 
0.2x0.2 1.63 
 
40 30.35 75.9 
0.18x0.18 1.81 
 
32.4 24.80 76.5 
0.15x0.15 2.17 
 
22.5 17.48 77.7 
0.13x0.13 2.50 
 
16.90 13.27 78.5 
 
 
 
 
 
Figure ‎5.6: Fresnel lens performance before and after optimisation. 
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5.2.2.2. Incident rays uniformity investigation 
The optimised HCPV optical system above will be investigated in order to increase the 
incident irradiation uniformity on the receiver (PV cell). As implemented in the previous 
chapter, two techniques will be followed: increasing the distance between the Fresnel lens and 
the PV cell (l) and increase the distance between the Fresnel lens and the PV cell (l) with 
introducing a SOE on the receiver. The objective is to achieve a uniform irradiation on the 
receiver with minimum loss in the received energy i.e. minimum loss in optical efficiency 
compared to the focus point case i.e. at l= 0.46m. Three aperture areas of the optimised 
Fresnel lens 0.13x0.13m
2
, 0.18x0.18m
2
 and 0.25mx0.25m
2
 with geometrical concentration 
ratio of 169X, 324X and 625X respectively will be investigated. 
Effect of varying the distance between the Fresnel lens and the receiver ( l) 
The uniformity and the received power on the receiver were examined as the distance (l) 
varied. The range value of (l) to be investigated is 0.445-0.55m with a distance step of 0.005m 
without a SOE. Figure 5.7 shows the influence of varying the distance (l) on the received 
power and uniformity for optimised Fresnel lens with aperture area of 0.18x0.18m
2
. As 
illustrated, the maximum received power and non-uniformity is at the focus point i.e. l = f 
=0.46m. It is clear from the Figure that the received power is negatively influenced by 
increasing the distance (l) from the focal length height (l = f =0.46m) while the non-
uniformity is reduced. For example, the received power at focal length is 24.80 W with 
optical efficiency of 76.5% (Figure 5.8) while the power at l = 0.55m is 1.11 W with optical 
efficiency of 3.4%. On the other hand, the non-uniformity is maximum (494.6) at the focal 
length while it is minimum (0.5) at l = 0.55m. The same behaviour is observed when the 
distance (l) becomes shorter than the focal length height. It can be concluded that increasing 
the distance (l) leads to a better uniformity but with clear optical efficiency drop.  
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Figure  5.7: Effect of varying the distance (l) on the power and uniformity. 
Figure 5.8 shows the optical efficiency of the three Fresnel lens aperture areas at different 
distances of (l). It can be observed that the maximum optical efficiency is at the focus point 
i.e. 0.46m. Moreover, due to the reduction in the received power, as the distance (l) varied 
from the focus point, the optical efficiency decreases as well. 
 
 
 
 
 
 
 
 
Figure ‎5.8: Effect of varying the distance (l) on the optical efficiency. 
Figure 5.9 illustrates the influence of varying the distance (l) on the received rays uniformity 
for the three different Fresnel lens aperture areas. The non-uniformity is maximal at the focus 
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point for all modelled cases. Moreover, it is clear that the degree of non-uniformity is directly 
proportional to the Fresnel lens geometrical concentration ratio. For example, the non-
uniformity for Fresnel lens with aperture area of 0.25x0.25m
2
 exceeds 800 while it is less than 
300 in case of Fresnel lens with aperture area of 0.13x0.13m
2
. In all cases, the degree of non-
uniformity dropped dramatically after l=0.46m.  
 
 
 
 
 
 
 
Figure ‎5.9: Effect of varying the distance (l) on the uniformity. 
Table 5.4 shows a summary of the modelling results including the received power, optical 
efficiency, non-uniformity and received radiation flux profile for the Fresnel lens with 
aperture area of 0.18x0.18m
2
. It can be seen that the received flux profile changes with the 
distance (l). Although the uniformity was significantly improved using this technique, the 
resulted received power is very low i.e. low optical efficiency. Therefore, a SOE will be used 
to enhance the received power while maintaining the uniformity of received radiation.  
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Table ‎5.4: Summary of increasing the distance (l) on the received power and uniformity. 
Distance 
(l) 
(m) 
Non-
uniformity 
Received flux 
distribution 
Input  
power 
(W) 
Received 
power  
(W) 
Optical 
efficiency  
(%) 
l=f =0.46  494.61 
 
32.40 24.80 76.5 
0.475 13.49 
 
32.40 22.38 69.1 
0.49 5.61 
 
32.40 13.73 42.4 
0.505 2.25 
 
32.40 5.52 17.0 
0.52 1.08 
 
 
32.40 2.74 
 
8.5 
0.535 0.75 
 
 
32.40 1.65 
 
5.1 
Effect of introducing Secondary optical element (SOE)  
A hollow inverted truncated pyramid reflector (HITPR) used in the previous chapter was 
introduced here to the HCPV system. The material reflectivity of the HITPR four sides was 
set to 95% instead of the 90% used in chapter 4; this high reflectivity material is already 
available in the market [181]. The optimised Fresnel lens with aperture area of 0.18x0.18m
2
 
with geometrical concentration ratio of 324X was used in the uniformity tests. The same 
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procedure of varying the distance (l) carried out in the previous section was repeated here but 
with integrating HITPR. The range value of (l) examined was 0.460-0.535m with a distance 
step of 0.005m. Moreover, the following HITPR SOE heights were investigated: 0.01m, 
0.02m, 0.03m, 0.04m, 0.05m and 0.06m. For each HITPR SOE height the distance (l) was 
varied 15 times which means there are 90 cases to be investigated to find out the optimum 
combination of SOE height and distance (l). Figure 5.10 compares all the SOEs in terms of 
uniformity which shows that the non-uniformity is maximum at focus point (f = 0.46m) and 
reduced as the distance (l) increases. Moreover, 0.01m, 0.02m, 0.03m, 0.04m and 0.05m 
SOEs produce almost the same level of non-uniformity at different value of distance (l) while 
the 0.06m SOE produces slightly better ray distribution.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.10: Effect of varying the combination of distance (l) and reflector height on the 
uniformity. 
Figure 5.11 compares all the SOEs in terms of optical efficiency which shows that 0.06m 
SOE has the best optical efficiency almost at all values of distance (l). On the other hand, the 
0.01m SOE shows the worst optical performance almost at all values of (l). Also, it can be 
observed that the optical efficiency decreased when the distance (l) increased for 0.02, 0.03, 
0.04, 0.05 and 0.06m SOE till reach the lowest value at l=0.495m where after this point the 
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optical efficiency showed increasing trend. This can be referred to the number of the rays that 
strike the SOE and reflected back without intersecting with the solar cell causing loss of 
optical energy. These reflected rays increased with distance l till reach maximum at l=0.495m 
where afterwards the number of these rays decreased. On the other hand, when 0.01m SOE 
used the optical efficiency showed only decreasing trend when distance (l) increased. This can 
be due to the large inclination angle of the SOE walls compared to other SOEs (Figure 4.21).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.11: Effect of varying the combination of distance (l) and reflector height on the 
optical performance. 
 
Figure 5.12 shows the optical efficiency and non-uniformity curves of the optical system with 
0.06m SOE along the distance (l). As the distance (l) increases away from the focus point, the 
optical efficiency decreased till reaching the lowest value at l=0.495m then the curve goes 
slightly up. Moreover, the non-uniformity dropped from about 305.89 at l = 0.465m to 1.96 at 
l = 0.54m. The optimum distance (l) is a distance that ensures low degree of non-uniformity 
and at the same time minimum optical losses compared to the focus point case. From the 
experimental work presented in the previous chapter, the electrical efficiency is high when 
non-uniformity is less than 2. Therefore, l= 0.535m can be the optimum distance (l) where the 
non-uniformity is less than 2 and the optical efficiency is about 60%.  
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Figure 5.13 shows a 3-D image of the incident ray profile on the receiver for the point-focus 
case and the optimum case i.e. at l= 0.535m with the 0.06m SOE. It is clear that the incident 
ray distribution becomes more uniform where rays cover most of the receiver area. 
 
 
 
 
 
 
 
 
Figure ‎5.12: Optical efficiency and non-uniformity curves of the optical system. 
 
 
 
 
 
 
 
 
Figure ‎5.13: Incident rays for the point-focus case and combination of l=0.535m and 0.06m 
reflector. 
Table 5.5 shows a summary of the testing results including the received power, optical 
efficiency, non- uniformity and received radiation flux profile for the optimised Fresnel lens 
with aperture area of 0.18x0.18m
2 
at focus point, at l=0.535m and at l=0.535m with 
integrating the 0.06m SOE. The received power was increased about 12 times after 
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introducing the SOE from about 1.7 W to about 19.5 W with relatively slight increment in the 
irradiation non-uniformity. As a result, the optical efficiency was increased after placing the 
SOE compared to the case at the same distance (l) but without SOE from about 5% to 60%. 
Moreover, the degree of non-uniformity of incident rays was improved from about 495 at 
focus point to less than 2 by increasing the distance (l) and introducing the SOE.  
Table ‎5.5: Summary of received power and uniformity for optimised Fresnel lens. 
Distance (l) 
(m) 
Non-
uniformity 
Received flux 
distribution 
Input  
power 
(W) 
Received 
power  
(W) 
Optical 
efficiency (%) 
l=f =0.46, no 
SOE 
494.61 
 
32.40 24.80 76.5 
l=0.535, no 
SOE 
0.75 
 
32.40 1.65 5.1 
l=0.535 & 
0.06m SOE 
1.98 
 
32.40 19.45 60.0 
Table 5.6 shows a summary of the optical efficiency results for the initial and optimised 
optical system with and without introducing the 0.06m SOE. It can be seen that the Fresnel 
lens efficiency has increased after optimisation with average increment of about 21%. On the 
other hand, the optical efficiency of the HCPV optical system including the Fresnel lens and 
the SOE has increased after optimising the Fresnel lens design and increasing the reflectivity 
of the SOE surface with average increment of about 30% which will enhance the electrical 
output of the HCPV.   
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Table ‎5.6: Optical modelling results for the initial and optimised optical system with different 
Fresnel lens aperture areas. 
 Optical efficiency without SOE (%) Optical efficiency with SOE (%) 
Aperture 
area (m
2
) 
Initial  
Fresnel lens  
Optimised 
Fresnel lens 
Initial  
Optical system 
Optimised 
Optical system 
0.25x0.25 59.4 73.7 42.9 55.7 
0.2x0.2 62.8 75.9 45.4 58.9 
0.18x0.18 64.0 76.5 46.2 60.0 
0.15x0.15 65.4 77.7 47.3 61.4 
0.13x0.13 66.3 78.5 47.9 62.2 
5.2.3. Acceptance angle investigation of the HCPV optical system 
The acceptance angle of the HCPV optical system with and without SOE after optimisation 
was examined using the ray tracing technique. The acceptance angle (2θ) is commonly 
defined as the incidence angle corresponding to 90% of the maximum optical efficiency at 
normal incidence [33,108,128]. Figure 5.14 shows a schematic diagram of half acceptance 
angle (θ) of an incident ray. The acceptance angle will be found by increasing the incident ray 
angle from 0
o
 (normal incidence) to 2
o
 with a degree step of 0.05
o
. Additionally, the influence 
of increasing the incidence ray angle on the optical system performance will be investigated 
in this range. The incidence angle will be increased by increasing the light source angle.  
 
 
 
 
Figure ‎5.14: Schematic diagram of half acceptance angle of incident rays. 
5.2.3.1. The acceptance angle of the optimised HCPV optical system without 
SOE  
The optimised Fresnel lens with aperture areas of 0.25x0.25m
2
, 0.18x0.18m
2
 and 0.13x0.13m
2
 
equivalent to the following geometrical concentration ratios 625X, 324X and 169X 
Fresnel lens  
+θ -θ 
Incident rays  
Half acceptance 
angle  
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respectively were investigated. The influence of increasing the half acceptance angle on the 
optical efficiency is illustrated in Figure 5.15. The Figure shows that the optical efficiency is 
decreased by increasing the incidence angle till reaching almost 0% at incidence angle of >1
o
 
for the three Fresnel lens aperture areas. 
Figure ‎5.15: Influence of increasing incidence angle on the optical efficiency without SOE. 
Table 5.7 shows a summary of the acceptance angle results including half acceptance angle, 
acceptance angle, optical efficiency under normal incidence and optical efficiency at the 
acceptance angle.   
Table ‎5.7: Summary of acceptance angle examination for the optimised Fresnel lenses. 
 Half acceptance 
angle (θo) 
Acceptance 
angle (2θo) 
Optical efficiency under 
normal incidence (%) 
Optical efficiency at the 
acceptance angle (%) 
0.25x0.25 m
2
 0.4 0.8 73.74 66.37 
0.18x0.18 m
2
 0.4 0.8 76.54 68.89 
0.13x0.13 m
2
 0.4 0.8 78.52 70.67 
The half acceptance angle (θ) of the optical system plays a major role in selecting the tracking 
system for the HCPV. Optical system with smaller half acceptance angle requires higher 
precision tracking which may increase the total cost of the HCPV [122].  
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5.2.3.2. The acceptance angle of the optimised HCPV optical system with 
SOE  
The same investigation carried out in the previous section on the optical system was repeated 
here but with increasing the distance (l) to 0.535 m and integrating the 0.06m SOE to the 
HCPV system. The negative effect of increasing the half acceptance angle on the optical 
efficiency is shown in Figure 5.16. After introducing the SOE this negative effect became 
lower compared to that of a HCPV system without SOE. Moreover, the larger Fresnel lens 
aperture areas were more negatively influenced by increasing the incidence angle than the 
smaller ones. For example, Fresnel lens with aperture area of 0.25x0.25m
2 
optical efficiency 
has decreased after incidence angle of about 0.6
o
 while 0.13x0.13m
2
 Fresnel lens aperture 
area shows almost stable performance till incidence angle of 0.85
o
 where the optical 
efficiency has decreased afterwards. It can be concluded that higher concentration ratio 
Fresnel lens is more sensitive to the increment of the light incidence angle than lower 
concentration ratio one. 
 
Figure ‎5.16: Influence of increasing incidence angle on the optical efficiency with SOE. 
Figure 5.17 shows the influence of increasing the incidence angle on the HCPV optical 
efficiency with and without SOE for 0.18x0.18m
2 
Fresnel lens aperture area. The two optical 
efficiency curves show that the negative influence of increasing the incidence angle of the 
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rays on the optical efficiency is lower if the optical system is integrated with SOE. For 
example, the optical efficiency without SOE reaches to about zero at incidence angle of >1
o 
while with SOE case the optical efficiency at this incidence angle is higher than 45%. 
 
Figure ‎5.17: Influence of increasing incidence angle of the rays on the optical efficiency with 
and without SOE. 
Figure 5.18 compares the acceptance angle of the three Fresnel lens aperture areas 
0.25x0.25m
2
, 0.18x0.18m
2
 and
 
0.13x0.13m
2 
with and without SOE. It is clear that the 
acceptance angle increases almost twice after placing the SOE from 0.8
o
 to 1.5
o
, 0.8
o
 to 1.6
o
 
and 0.8
o
 to 1.9
o
 for 0.25x0.25m
2
, 0.18x0.18m
2
 and
 
0.13x0.13m
2
 Fresnel lenses respectively.  
 
 
Figure ‎5.18: Acceptance angle with and without SOE. 
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Placing the developed SOE on the PV assembly not only improves the irradiation uniformity 
on the solar cell but also helps to increase the acceptance angel which would relax the demand 
for high precision tracking system. 
5.3. Multi HCPV/T assembly configuration  
More than one HCPV/T systems can be assembled in different forms such as linear and 
densely packed configuration. In this study, assembled HCPV units were examined in terms 
of tracking requirements, space occupation and electrical output before and after optical 
optimisation.  
Four HCPV units including 0.18x0.18m
2 
Fresnel lens, 0.06m SOE and 0.01x0.01m
2
 multi-
junction solar cell were assembled linearly using SolidWorks as shown in Figure 5.19. The 
distance between two solar cells’ centres is the length of the Fresnel lens i.e. 0.18m while the 
total length of the assembly is 0.72m. Also, the width of the assembly is the width of the 
Fresnel lens i.e. 0.18m. The total area of the HCPV assembly is 0.1296m
2
 i.e. about 0.13 m
2
. 
Therefore, the area needed for connecting 16 HCPV units is about 0.5m
2
.  
   
 
 
 
Figure ‎5.19: Four 0.18x0.18 m
2
 HCPV systems assembled in series. 
Roll-tilt tracking [126] arrangement using central torque tube or box frame tracking system 
can be used with this configuration. This configuration is easy to assemble including the 
electrical wiring connections and set-up of the cooling system.  
PV  
0.18 m  
Fresnel lens  
   HCPV housing  
SOE  
Cooling channel  
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Four HCPV units with the same size were densely packed as shown in Figure 5.20. The 
distance between two solar cells centres is 0.18m and the total size of the assembly is 
0.1296m
2
 i.e. about 0.13m
2
. Pedestal form tracking system [126] can be used with this 
configuration which is known for its simplicity of installation. This configuration is easy to 
assemble and more convenient during cleaning and maintenance due to its compactness. But, 
the cooling fittings are more demanding in this configuration as the HCPV units are 
distributed in two rows instead of one which may also need more pumping power due to the 
channel joints friction.  
 
 
  
 
 
Figure ‎5.20: Four 0.18x0.18 m
2
 HCPV systems densely packed. 
Table 5.8 shows the optical power received by the multi-junction solar cell in W if the input 
flux at the aperture level is 1000 W/m
2
 for 1, 4 and 16 units optimised and non-optimised 
optical system 0.18x0.18m
2 
HCPV. It shows that 16 non-optimised HCPV units, which 
occupy about 0.5m
2
 area, can provide optical power of about 240 W. While, 16 optimised 
HCPV units can provide about 311 W optical power with increment of about 30%. In terms of 
area, 13 optimised HCPV units can provide more optical power than 16 non-optimised units 
which leads to area saving of about 20%.   
 
 
0.36 m  
SOE  
PV  
HCPV housing  
Fresnel lens  
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Table ‎5.8: Optical power for 1, 4 and 16 HCPV before and after optical optimisation. 
HCPV size (m
2
) 1 HCPV optical 
power (W) 
4 HCPV optical 
power (W) 
16 HCPV optical 
power (W) 
0.18x0.18 before 
optimisation 
14.97 59.88 239.52 
0.18x0.18 after 
optimisation 
19.45 77.76 311.04 
The electrical output of the HCPV depends on the solar cell electrical efficiency. From 
chapter 4, it was found experimentally that the electrical efficiency is about 36% when the 
calculated non-uniformity value is <2. Therefore, 16 non-optimised HCPV assembly can 
produce up to 86.2 W electrical power while optimised assembly can produce up to 112.0 W 
with increment of about 30%.  
5.4. Densely packed of PV assembly configuration  
In this configuration, one HCPV optical system including 0.18x0.18 m
2
 Fresnel lens and 
0.06m height SOE was integrated with 4 densely packed PVs instead of one to save 75% of 
the area required if each PV was integrated with a separate optical system. Optical and 
electrical output of this receiver configuration was examined. The area of the receiver is 
0.02x0.02 m
2
 (Figure 5.21) and the geometrical concentration ratio is 81X. To keep the same 
geometrical concentration ratio of the above described SOE i.e. 4X, the exit and entrance 
aperture areas are chosen to be 0.021x0.021m
2
 and 0.042x0.042 m
2
 respectively.  
 
 
 
 
 
 
Figure ‎5.21: Four 0.01x0.01 m
2
 densely packed receiver. 
Cell 1 
Cell 4 Cell 3 
Cell 2 
0
.0
1
 m
 
0.01 m 
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The distance (l) was varied for examination from 0.46 to 0.6m with a distance step of 0.005m. 
Figure 5.22 shows the optical efficiency and non-uniformity curves of the optical system with 
SOE along the distance (l). As the distance (l) increases away from the focus point, the optical 
efficiency decreased till reaching the lowest value at l=0.53m then the curve goes slightly up. 
Moreover, the non-uniformity dropped from more than 700 at l = 0.465m to about 2 at l = 
0.565m. The optimum distance (l) is a distance that ensures low degree of non-uniformity and 
at the same time minimum optical losses compared to the focus point case. Therefore, 
l=0.565m can be the optimum distance (l) where the non-uniformity is minimum (about 2) 
and the optical efficiency is about 71%. 
 
 
 
 
 
 
 
 
 
Figure ‎5.22: Optical efficiency and non-uniformity curves of the optical system with 4 
densely packed receiver configuration. 
Table 5.9 shows a summary of the densely packed PV module testing results including the 
received power, optical efficiency, non- uniformity and received radiation flux profile for the 
optimised Fresnel lens with aperture area of 0.18x0.18m
2
 at focus point, at l=0.565m and at l= 
0.565m with integrating the 0.06m SOE.  
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Table ‎5.9: Summary of the received power and uniformity for 4 densely packed reciever. 
Distance (l) 
(m) 
Non-
uniformity 
Received flux 
distribution 
Input  
power 
(W) 
Received 
power  
(W) 
Optical 
efficiency (%) 
l=f =0.46, no 
SOE 
494.61 
 
32.40 24.80 76.5 
l=0.565, no 
SOE 
2.08 
 
32.40 5.15 15.9 
l=0.565 & 
0.06m SOE 
2.13 
 
32.40 22.90 70.7 
The received power increased more than 4 times after introducing the SOE at distance l= 
0.565m from 5.15 W to 22.9 W with a slight increment in irradiation non-uniformity. As a 
result, the optical efficiency was increased after placing the SOE compared to the case at the 
same distance (l) but without SOE from about 16% to 71% with only 7.6% loss in the optical 
efficiency compared to the focus point case i.e. at l= 0.46m. Moreover, the degree of non-
uniformity of incident rays was reduced from about 495 at focus point to about 2 after 
increasing the distance (l) and introducing the SOE. 
Table 5.10 shows a summary of the optical and electrical power results for the two cases: 
single cell and 4 densely packed cells with 0.18x0.18 m
2
 Fresnel lens and 0.06m SOE. The 
Table shows that 4 densely packed PVs configuration has received about 18% higher optical 
power than the single cell receiver due to the larger receiver area and acceptance angle 
allowing more rays to be accepted. It can be assumed that the electrical efficiency is 36% at 
non-uniformity degree of about 2 from chapter 4; thus the single cell HCPV configuration can 
produce 7.0 W electrical power while densely packed HCPV can produce about 8.3 W with 
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increment of 18%. This configuration is more costly as it includes 3 more MJ solar cells but it 
saves 75% of the area needed. It can be considered if the area available is limited and in the 
future when the PV prices decrease further.  
Table ‎5.10: Optical and electrical power for single and densely packed PVs. 
 Optical power (W) Electrical power (W) 
Single cell 19.45 7.00 
Four densely packed PVs 22.95 8.26 
 
5.5. Summary  
A parametric study including focal length, thickness, groove pitch and transmissivity on 
different Fresnel lens aperture areas was implemented to enhance the performance of the 
HCPV optical system using ray tracing technique. The optical efficiency of the system was 
enhanced with average increase of about 21%.   
The HCPV optical system was also examined after introducing a 0.06m SOE to improve the 
incident rays uniformity on the receiver and compared with the HCPV before optimisation. It 
was found that the total optical efficiency was increased from 46.2% to 60.0% with increment 
of about 30%. The acceptance angle of the HCPV optical system with and without SOE was 
examined using ray tracing method. It was found that the acceptance angle increases after 
placing the developed SOE almost twice from 0.8
o
 to 1.5
o
, 0.8
o
 to 1.6
o
 and 0.8
o
 to 1.9
o
 for 
0.25x0.25m
2
, 0.18x0.18m
2
 and
 
0.13x0.13m
2
 Fresnel lens aperture areas respectively. 
Increasing the acceptance angle could reduce the overall cost of the developed HCPV as the 
demand for high precision tracking system will be alleviated.  
Assembled HCPV units were examined in terms of tracking requirements, space occupation 
and electrical output before and after optical optimisation. It was found that an assembly of 16 
non-optimised 0.18x0.18m
2
 HCPV units which occupy about 0.5m
2
 can produce optical 
power of about 240 W compared to 311 W for 16 optimised HCPV units with increment of 
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about 30%. In terms of used area, 13 optimised HCPV units can provide more optical power 
than 16 non-optimised units which leads to area saving of about 20%. Finally, assuming that 
the multi-junction solar cell electrical efficiency is 36%, 16 non-optimised HCPV assembly 
can produce up to 86 W electrical power while optimised assembly can produce up to 112 W 
with increment of about 30%.  
Densely packed receiver configuration including 4 PV cells was compared to the single PV 
configuration. It was found that densely packed configuration can increase the optical and 
electrical power by about 18% due to the larger receiver area and acceptance angle with area 
saving of 75%.  
More theoretical and experimental detailed electrical analysis of the developed HCPV under 
different solar radiations and PV surface temperatures and under uniform and non-uniform 
illumination will be presented in the next chapter. 
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CHAPTER 6  
6. Electrical modelling of a multi-junction solar cell and 
outdoor electrical characterisation of a HCPV system 
 
6.1. Introduction  
This chapter describes the development of a mathematical model able to generate an I-V 
curve for the multi-junction solar cell and predict its electrical performance under different 
solar concentration ratios (CR) and PV surface temperature (Ts). The model was developed 
and calibrated against the manufacturer indoor experimental output data before utilising it to 
evaluate the developed HCPV electrical performance. A single HCPV unit was installed 
outdoor to examine its electrical performance and compare it with the electrical output of the 
developed model. Moreover, the influence of non-uniform incident rays on the I-V curve 
parameters of the multi-junction solar cell was investigated by analysing the outdoor 
measured I-V curve and the received solar radiation.    
6.2. Lumped diode solar cell circuit model  
There are a number of methods used in the literature to predict the I-V characteristics of the 
multi-junction solar cell such as two diodes equivalent circuit model for each subcell, single 
diode equivalent circuit model for each subcell, lumped diode model and network cell model 
[156]. A brief literature review on electrical modelling of a multi-junction solar cell can be 
found in Appendix D. In this work, a lumped diode circuit will be used to develop a 
mathematical model using Engineering Equation Solver (EES) to characterise the IV curve of 
the AZURSPACE III-V triple-unction PV cell type 3C42A under different surface 
temperature and light intensity. A lumped diode model is less demanding in terms of 
empirical parameters to be evaluated i.e. more practical and time saving than single or two 
diodes models where the empirical parameters of each subcell of the multi-junction solar cell 
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have to be estimated. The general electrical model of a solar cell consists of a current source 
that depends on illumination in parallel with a diode. For concentrator cells, this model is 
often extended to include voltage drop due to high current flow by means of a series 
resistance (Rs) [96]. Figure 6.1 shows the equivalent circuit diagram of the lumped diode 
model of the multi-junction solar cell.  
 
 
 
Figure ‎6.1: Equivalent single lumped diode solar cell circuit model [96]. 
The output current and voltage across the cell for a lumped diode model with Rs can be 
expressed by equations 6.1 and 6.2 [96]: 
L DI I I                                   (6.1) 
D SV V IR                      (6.2)  
where I is the current of the solar cell, V is the voltage, IL is the light generated current, VD 
and ID are the voltage and current of the diode respectively and RS is the series resistance. The 
current through the diode follows the Shockley equation [96]: 
0 exp 1
D
D
qV
I I
nkT
  
   
  
                                                             (6.3) 
Where I0 is the reverse saturation current, q is the electron charge (1.60217646 x 10
-19
C), k is 
the Boltzmann constant (1.3806503 x 10
-23
 J/K), T is the temperature of the p-n junction in 
Kelvin and n is the diode ideality factor. 
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Therefore, the I–V characteristic of the solar cell, including the series resistance effect, is 
defined by equation (6.4): 
0
( )
exp 1SL
q V IR
I I I
nkT
   
    
  
                  (6.4)                                    
IL, light-generated current, is a function of incident irradiation and PV surface temperature 
which can be calculated using the following equation [201]: 
[ ( )][ ]
100
L SC i C
S
I I K T T                       (6.5) 
where ISC is the short circuit current at reference temperature and radiation, Ki is the short 
circuit current temperature coefficient, TC is the cell reference temperature and S is the solar 
irradiation in mW/cm
2
. 
Temperature dependence is due to the temperature term in the above equations and the 
temperature dependence of the saturation current equation [96,97]: 
3 /2
0 exp
gE
I T
kT
    
 
                                                                   (6.6) 
where Eg is the width of the semiconductor bandgap at temperature T and γ is the third order 
dependence of the square of the intrinsic carrier concentration on temperature [96].  
Some of the above mentioned empirical parameters like n, RS, Eg and γ are not available in the 
literature as they need to be found empirically for each CPV. Spectrolab multi-junction solar 
cell (C1MJ) empirical parameters available in the literature [156,97,202] were used as initial 
values to develop the electrical model. Then, the CPV manufacturer electrical output data [90] 
based on indoor experimental results were used to calibrate the developed model and produce 
more accurate value of these empirical constants. Finally, the calibrated model was used to 
predict the solar cell electrical output performance. The program code of the developed model 
using the lumped diode solar cell circuit including all the evaluated empirical parameters is 
shown in Appendix E. 
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6.3. Calibration of the developed I-V curve model against the manufacturer 
indoor experimental data 
Figure 6.2 shows the I-V curve predicted by the developed electrical model compared to the 
manufacturer experimental data at the following concentration ratios: 250X, 500X and 1000X 
with PV surface temperature of 25
o
C. 
Figure ‎6.2: I-V curve at CR= 250X, 500X and 1000X and PV temperature of 25
o
C. 
Although the variation of the VOC with radiation is very low compared to the variation of the 
ISC, the Figure shows clearly that both are increased with the input radiation. Furthermore, it 
can be noticed that close agreement between the manufacturer experimental data and the 
developed model at different concentration ratios.   
Figure 6.3 shows the power curve predicted by the developed electrical model compared to 
the manufacturer experimental data at the following concentration ratios: 250X, 500X and 
1000X with PV surface temperature of 25
o
C. The positive influence of raising the 
concentration ratio on the solar cell output power is clear where the output power increased 
from about 10 W at CR=250X to about 40 W at CR=1000X with the same PV area. The 
Figure also shows that the developed model is able to predict the experimental output power 
at different concentration ratios.   
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Figure ‎6.3: Power curve at CR= 250X, 500X and 1000X and PV temperature of 25
o
C. 
In reference to the above I-V and power curves, Figure 6.4 below shows the electrical power 
comparison between the manufacturer data and the developed mathematical model. It can be 
noticed that the electrical power increases as the applied concentration ratio increases. The 
experimental output powers at concentration ratio of 250X, 500X and 1000X are 10.40 W, 
20.71 W and 39.0 W respectively while the output power from the developed model at the 
same concentration ratios are 10.26 W, 20.36 W and 39.22 W with maximum difference of 
about 1.7% at CR=500X. 
 
Figure ‎6.4: Electrical power at CR= 250X, 500X and 1000X and PV temperature of 25
o
C. 
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Figure 6.5 shows the electrical efficiency comparison between the manufacturer data and the 
developed mathematical model at concentration ratios of 250X, 500X and 1000X with PV 
surface temperature of 25
o
C. The maximum electrical efficiency is at CR=250X with 
electrical efficiency of about 41% and minimum at CR=1000X with electrical efficiency of 
39%.  
 
 
 
 
 
 
 
Figure ‎6.5: Electrical efficiency at CR= 250X, 500X and 1000X and PV temperature 25
o
C. 
The maximum difference between the experimental and the developed model in terms of 
electrical efficiency is at CR=500X where the predicted value is 1.2% less than experimental 
output. Table 6.1 compares the experimental and modelled I-V curve parameters: ISC, VOC, Im, 
Vm and FF for the concentration ratios of 250X, 500X and 1000X and at PV surface 
temperature of 25
o
C.  
Table ‎6.1: I-V curve parameters of experimental and developed model at different CR. 
 ISC (A) VOC (V) Im (A) Vm (V) FF (%) 
 Exp. Model Exp. Model Exp. Model Exp. Model Exp. Model 
250X 3.79 3.79 3.07 3.08 3.71 3.70 2.80 2.77 89.28 87.80 
500X 7.58 7.58 3.12 3.13 7.42 7.40 2.79 2.75 87.54 85.77 
1000X 15.07 
 
15.07 3.16 
 
3.17 14.77 
 
14.66 
 
2.64 
 
2.67 
 
81.88 
 
81.94 
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The Table shows that the model is able to accurately predict the ISC and VOC at different 
concentration ratios. But, there is a small deviation in predicting Im and Vm leading to a 
maximum variation in predicting the FF of about 2% at CR=500X. The FF of the multi-
junction solar cell decreased with increasing the applied concentration ratio. For example, the 
experimental FF of the solar cell under concentration ratio of 250X and 1000X are about 88% 
and 82% respectively.  
After testing the capability of the developed model to respond to different input radiation 
concentration ratios, it was examined under different PV surface temperature and compared 
against the indoor experimental output data provided by the manufacturer. Figure 6.6 
compares the predicted and experimental electrical power in the range of 25
o
C-110
o
C and at 
concentration ratio of 500X. It can be noticed that the electrical power decreased as the PV 
surface temperature increased. The maximum power is at PV surface temperature of 25
o
C and 
the minimum output power is at PV surface temperature of 110
o
C. The model is able to 
predict the electrical power of the solar cell with maximum difference of 1.6% at PV surface 
temperature of 25
o
C i.e. 20.36 W compared to the experimental output power of 20.71 W. In 
comparison to the conventional crystalline silicon solar cells, the electrical power temperature 
coefficients of the multi-junction solar cells are much lower i.e. less sensitive to high 
temperature [202]. For example, the experimental output power at PV surface temperature of 
25
o
C is 20.71 W while at PV surface temperature of 110
o
C is 18.70 W with power reduction 
of only 2 W i.e. a reduction of about 0.02 W/
o
C.  
Figure 6.7 shows the electrical efficiency of the manufacturer experimental data and the 
developed model at the same conditions. Similar to the output power, the electrical efficiency 
also decreases as the PV temperature increases. 
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Figure ‎6.6: Electrical power at CR= 500X and PV temperature 25-110
o
C. 
The maximum difference between the experimental and the developed model in terms of 
electrical efficiency is at PV temperature of 25
o
C where the predicted value is about 1.2% less 
than experimental output.  
 
 
 
 
 
 
Figure ‎6.7: Electrical efficiency at CR= 500X and PV temperature 25-110
o
C. 
Figure 6.8 shows the developed model I-V curve responses at different PV temperature i.e. 
25-110
o
C and concentration ratio of 500X. As previously stated, the open circuit voltage 
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decreases as the PV temperature increases which ultimately reduces the cell efficiency. On the 
other hand, the short circuit current increases with PV surface temperature. 
 
 
 
 
 
Figure ‎6.8: Modelled I-V curves at CR= 500X and PV temperature 25-110
o
C. 
Figure 6.9 below demonstrates the negative influence of increasing the PV temperature from 
25
o
C to 110
o
C on the electrical power output. The maximum power is at PV temperature of 
25
o
C which exceeds 20 W and the minimum power output is at PV surface temperature of 
110
o
C which is around 18 W.  
 
Figure ‎6.9: Modelled power curves at CR= 500X and PV temperature 25-110
o
C. 
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I-V curve parameters are extracted for PV temperature of 25
o
C, 70
o
C and 110
o
C at 
concentration ratio of 500X to be compared with the manufacturer experimental output as 
shown in Table 6.2.  
Table ‎6.2: I-V curve parameters of experimental and developed model data at different PV 
temperature. 
 ISC (A) VOC (V) Pm (W) FF (%) 
 Exp. Model Exp. Model Exp. Model Exp. Model 
25
o
C 7.58 7.58 3.12 3.13 20.70 20.35 87.54 85.77 
70
o
C 7.85 7.86 2.93 2.97 19.64 19.52 85.39 83.62 
110
o
C 8.10 8.10 2.76 2.82 18.70 18.68 83.65 81.78 
The Table above shows the ability of the model to predict the short circuit current (ISC) and 
open circuit voltage (VOC) at different PV surface temperature with a small variation. Also, 
there is a small deviation in predicting the maximum power Pm leading to a maximum 
variation in predicting the Fill Factor (FF) of about 2% at PV surface temperature of 110
o
C. 
The Fill Factor of the multi-junction solar cell decreased with increasing the PV surface 
temperature due to the reduction in output power. For example, the experimental FF of the 
solar cell at PV surface temperature of 25
o
C and 110
o
C are about 88% and 84% respectively. 
Calibration of the developed lumped diode model against the manufacturer experimental data 
under different PV surface temperature and concentration ratios was implemented to ensure 
its accuracy. Electrical I-V curve model is a valuable tool to predict the performance of the 
solar cell which will be used to evaluate the outdoor HCPV electrical output.    
6.4. Outdoor experimental electrical characterisation of the developed 
HCPV system 
A single HCPV experimental set-up integrating a multi-junction solar cell was installed and 
tested outdoor where Solmetric I-V tracer was used to measure the I-V and power curves for 
electrical performance analysis. The HCPV system was examined under different input solar 
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irradiation and PV surface temperature. Moreover, as the influence of solar cell incident rays 
illumination uniformity on the electrical efficiency was investigated previously in chapter 4 it 
will be useful to examine its influence on the I-V curve electrical parameters such as open 
circuit voltage and maximum power before and after placing the SOE.  
6.4.1. Influence of increasing the incident radiation 
Figure 6.10 shows the outdoor experimental I-V curves for the multi-junction solar cell under 
concentration ratios of 43X, 63X, 80X and 114X and at PV surface temperature of 25
o
C. It 
can be observed that the short circuit current (ISC) and the maximum power (Pm) increased 
noticeably by increasing the incident concentration ratio which ultimately increases the 
electrical efficiency (ηelect) of the solar cell. On the other hand, there is a slight increment in 
open circuit voltage (VOC) as the concentration ratio increases. 
  
 
 
 
 
Figure ‎6.10: Outdoor I-V curves at CR=43X, 63X, 80X and 114X and at PV temperature of 
25
o
C. 
Figure 6.11 shows the power curves under concentration ratios of 43X, 63X, 80X and 114X 
and at PV surface temperature of 25
o
C. This Figure also shows the increment of the maximum 
power (Pm) and the open circuit voltage (VOC) as the concentration ratio increases. 
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Figure ‎6.11: Outdoor power curves at CR=43X, 63X, 80X and 114X and at PV temperature 
of 25
o
C. 
From the above two Figures, the increase in the short circuit current (ISC), open circuit voltage 
(VOC) and electrical maximum power (Pm) as the concentration ratio increases can be 
calculated. These I-V curve parameters are compared at different concentration ratios in Table 
6.3. It can be noticed that the short circuit current (ISC) increased linearly by increasing the 
concentration ratio where ISC ≈ 0.01516 A at CR=1X. On the other hand, open circuit voltage 
(VOC) increased slightly from 2.91 V at CR=43X to 3.00 at CR=114X. The maximum power 
increased from 1.6 W at CR=43X to about 4.1 W at CR=114X with increment of more than 
150%.  
Table ‎6.3: I-V curve parameters of experimental output at different concentration ratios. 
 ISC (A) VOC (V) Pm (W) 
43X 0.6556 2.9085 1.6249 
63X 0.9574 2.9391 2.3700 
80X 1.2164 2.9500 2.9347 
114X 1.7283 3.0002 4.0938 
6.4.2. Influence of increasing the PV surface temperature  
Figure 6.12 shows the outdoor experimental I-V curves for the multi-junction solar cell under 
concentration ratio of 114X and at different PV surface temperature from 25
o
C to 50
o
C with a 
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temperature step of 5
o
C. As shown in the electrical model, the short circuit current (ISC) 
increased with increasing the PV surface temperature while the open circuit voltage (VOC) and 
the maximum power (Pm) decreased. 
Figure ‎6.12: Outdoor I-V curves at CR= 114X and PV temperature 25-50
o
C. 
From this Figure, the increase or decrease in the short circuit current (ISC), open circuit 
voltage (VOC) and electrical efficiency (ηelect) for every 1
o
C increase in the PV surface 
temperature can be calculated which is called temperature coefficients. These I-V curve 
parameters at different PV surface temperatures are compared in Table 6.4 and the average 
temperature coefficients of these parameters are calculated and listed in Table 6.5. 
Table ‎6.4: I-V curve parameters of experimental data at different PV surface Temperature. 
 ISC (A) VOC (V) ηelect (%) 
25
o
C 1.7283 3.0002 35.91 
30
o
C 1.7588 2.9792 35.67 
35
o
C 1.7893 2.9582 35.43 
40
o
C 1.8198 2.9372 35.20 
45
o
C 1.8503 2.9162 34.97 
50
o
C 1.8807 2.8952 34.73 
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The average temperature coefficient of the electrical efficiency is only -0.047%/
o
C, which is 
much lower than silicon PV cells about -0.5%/
o
C [161,203]. Therefore, the degradation in the 
electrical efficiency caused by the elevated cell temperature for HCPV integrating triple-
junction solar cell is not as significant as that in silicon PV systems. This is an advantage if 
these solar cells are used in high ambient temperature regions.  
Table ‎6.5: Experimental average temperature coefficients. 
 ISC (A/
o
C) VOC (V/
o
C) ηelect (%/
o
C) 
Average temperature coefficient   0.0061 -0.0042 -0.047 
Figure 6.13 shows the outdoor experimental power curves for the multi-junction solar cell 
under concentration ratio of 114X and at different PV surface temperature from 25
o
C to 50
o
C 
with a temperature step of 5
o
C. It can be seen that the open circuit voltage (VOC) and the 
maximum power (Pm) decreased with increasing the PV surface temperature which has the 
same trend as shown in the electrical model. For example, the open circuit voltage (VOC) and 
the maximum power (Pm) at PV surface temperature of 25
o
C are 3.00 V and 4.09 W while at 
PV surface temperature of 50
o
C they are 2.90 V and 3.96 W respectively.  
 
 
 
 
 
 
Figure ‎6.13: Outdoor power curves at CR= 114X and PV temperature 25-50
o
C. 
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The HCPV system was examined under different input solar irradiation and PV surface 
temperature. Increasing the incident radiation is an effective method to increase the power 
output of the multi-junction solar cell. But, to maintain its optimum electrical performance it 
is crucial to maintain its surface temperature. The electrical efficiency temperature coefficient 
is an important parameter that enables the prediction of the solar cell electrical efficiency even 
without the need to measure the electrical output if the PV surface temperature is known; this 
aspect will be covered in details in the next chapter.  
6.4.3. Influence of non-uniform illumination  
The influence of non-uniform incident rays on the I-V curve of the multi-junction solar cell is 
investigated using the same experimental HCPV set-up. Figure 6.14 shows the outdoor 
experimental I-V and power curves for the solar cell under concentration ratio of 119X and at 
PV surface temperature of 25
o
C with and without secondary optical element (SOE). It can be 
seen that the open circuit voltage (VOC) and the maximum power (Pm) increased after 
introducing the SOE which increases the irradiation uniformity on the solar cell surface. The 
open circuit voltage increased from 2.94 V to 3.00 V while the output power increased from 
3.31 W to 3.76 W. 
Figure ‎6.14: a) Outdoor I-V curves; b) power curves at CR=119X and PV temperature of 
25
o
C. 
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Another case at lower concentration ratio (74X) is illustrated in Figure 6.15 which shows the 
outdoor experimental I-V curves for the solar cell at PV surface temperature of 25
o
C with and 
without SOE.  
Figure ‎6.15: a) Outdoor I-V curves; b) power curves at CR=74X and PV temperature of 
25
o
C. 
The open circuit voltage (VOC) and the maximum power (Pm) increased after introducing the 
SOE. The open circuit voltage increased from 2.91 V to 2.94 V while the output power 
increased from 2.28 W to 2.46 W. Unlike the previous case i.e. at CR=119X the influence of 
placing the SOE here is smaller. It can be concluded that the positive influence of inserting 
the SOE on those parameters is more at high concentration ratios where the degree of non-
uniformity is higher.  
Table 6.6 summarises the influence of introducing the developed SOE to the HCPV in order 
to improve the incident illumination uniformity on the open circuit voltage (VOC) and 
electrical maximum power (Pm) for the above two concentration ratios 119X and 74X.  
Table ‎6.6: Influence of introducing SOE on the open circuit voltage and maximum power. 
 Without SOE With SOE Increment in 
Power  
Increment in 
electrical efficiency  
 VOC (V) Pm (W) VOC (V) Pm (W) Pm (%) ηelect (%) 
119X 2.94 3.31 3.00 3.76 13.60 13.60 
74X 2.91 2.28 2.94 2.46 7.90 7.90 
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This Table shows that placing the SOE at concentration ratio of 119X would enhance the 
incident rays uniformity and ultimately increase the output electrical power and efficiency by 
about 14%. Moreover, at lower concentration ratio i.e. 74X where the negative influence of 
degree of non-uniformity is less, the electrical power and efficiency was increased by about 
8%.  
6.4.4. Outdoor experimental and developed electrical model I-V curve 
comparison     
In this section the predicted I-V curves of the developed electrical model and the outdoor 
experimental HCPV with SOE will be compared. Figure 6.16 shows the two I-V curves at 
concentration ratio of 43X, 63X, 80X and 114X at PV surface temperature of 25
o
C. Although 
the SOE is introduced to the HCPV system, when compared against the mathematical I-V 
curve the effects of non-uniform illumination including reduction in open circuit voltage 
(VOC) and maximum power (Pm) are observed. Those effects become clearer at higher 
concentration ratios where the degree of non-uniformity is higher especially reduction in 
maximum power (Pm). For example, the maximum power (Pm) difference between the model 
and experimental output at concentration ratio of 43X is 0.1 W while it is about 0.6 W at 
concentration ratio of 114X. It can be concluded that as the concentration ratio of the HCPV 
system increases, it becomes more and more difficult to maintain uniformity of the incident 
flux on the solar cell. Moreover, as the concentration ratio increases the series resistance 
increases which limits the amount of output current. The negative influence of the series 
resistance can be observed on the open circuit voltage (VOC) where the I-V curve slope is 
increased by increasing the concentration ratio as shown in Figure 6.16d. 
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Figure ‎6.16: Experimental with SOE and modelled I-V curves comparison at a) CR=43X; b) 
63X; c) 80X; and d) 114X and at PV temperature of 25
o
C. 
Figure 6.17 shows the developed model and the outdoor experimental HCPV with SOE power 
curves at concentration ratio of 43X, 63X, 80X and 114X and at PV surface temperature of 
25
o
C. The negative influence of non-uniform illumination on the output power is minimal at 
CR=43X while it increases with the concentration ratio.  
 
 
 
 
 
 
 
 
 
Figure ‎6.17: Experimental with SOE and modelled power curves comparison at a) CR=43X; 
b) 63X; c) 80X; and d) 114X and at PV temperature of 25
o
C. 
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Table 6.7 compares the experimental and model open circuit voltage (VOC), electrical 
maximum power (Pm) and electrical efficiency outputs at concentration ratio of 43X, 63X, 
80X and 114X and PV surface temperature of 25
o
C. Both experimental and model outputs 
show that open circuit voltage (VOC) increased slightly with the concentration ratios. 
Moreover, the maximum power (Pm) increases linearly with the applied concentration ratio. 
The experimental electrical efficiency decreased with increasing the concentration ratio from 
37.79% at CR=43X to 35.91% at highest concentration ratio i.e. 114X. On the other hand, the 
predicted electrical efficiency using the model, which assumes uniform incident illumination, 
increases with the concentration ratio. It increases from 40.39% at CR=43X to 40.82% at 
CR=114X.  
Table ‎6.7: Experimental and model VOC, Pm and ηelect at concentration ratio of 43X, 63X, 80X 
and 114X and PV surface temperature of 25
o
C. 
 Experimental  Model Experimental 
efficiency   
Model 
 efficiency  
 VOC (V) Pm (W) VOC (V) Pm (W) ηelect (%) ηelect (%) 
43X 2.9085 1.6249 2.9700 1.7370 37.79 40.39 
63X 2.9391 2.3700 2.9950 2.5480 37.62 40.45 
80X 2.9500 2.9347 3.0100 3.2580 36.68 40.73 
114X 3.0002 4.0938 3.0350 4.6530 35.91 40.82 
Figure 6.18 compares the electrical efficiency of the experimental and modelling under 
concentration ratio of 43X, 63X, 80X and 114X and at PV surface temperature of 25
o
C. The 
average experimental electrical efficiency of the four different concentration ratios is 37% 
while the average predicted efficiency is 40.60%. The experimental average efficiency is 
lower than that predicted by the model by less than 10%.  
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Figure ‎6.18: Experimental with SOE and modelled electrical efficiency comparison at CR of 
43X, 63X, 80X and 114X and at PV temperature of 25
o
C. 
 
6.5. Summary 
This chapter described the development of a mathematical model able to predict the electrical 
performance of the solar cell by generating I-V curve under different solar concentration 
ratios and PV surface temperatures. The model was calibrated against the manufacturer indoor 
experimental data and the needed empirical parameters were evaluated. It was able to respond 
to the variation of the concentration ratio with maximum difference in electrical power of 
1.7% and respond to the variation of the PV surface temperature with maximum difference in 
electrical power of 1.6%. 
The I-V curve parameters of the MJ solar cell were examined experimentally under different 
concentration ratios and PV temperatures. It was found that input irradiance is the most 
influencing parameter where the electrical power increased more than 150% when the 
concentration ratio increased from 43X to 114X. Moreover, the influence of non-uniform 
incident rays on the multi-junction solar cell output was investigated. It was found that 
maximum power (Pm) and open circuit voltage (VOC) are both improved after placing the SOE 
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with electrical efficiency increment of about 14% and 8% at concentration ratio of 119X and 
74X respectively.  
The outdoor measured I-V curve of the HCPV with SOE was compared with the developed 
model output at different concentration ratios. The experimental average efficiency was about 
10% lower than the model average efficiency.  
A technique was established in this chapter able to predict the multi-junction solar cell 
performance using I-V curve electrical model. Moreover, another technique using electrical 
efficiency temperature coefficient was introduced here but will be covered in more details in 
the next chapter. Both techniques need to have the PV temperature as an input parameter. 
Therefore, in the next chapter a thermal model will be developed using Finite Element 
analysis (FEA) and Computational Fluid Dynamic (CFD) to evaluate the PV surface 
temperature under different solar irradiation and ambient conditions. 
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CHAPTER 7  
7. Thermal modelling of a multi-junction solar cell based 
HCPV/T and indoor/outdoor characterisation  
 
7.1. Introduction  
This chapter describes the development of a 3-D thermal model using Finite element analysis 
(FEA) able to predict the PV temperature under different concentration ratios taking into 
account the ambient conditions such as temperature and wind speed. Moreover, passive and 
active cooling systems will be developed to study the capability of these methods to maintain 
the 1 cm
2
 multi-junction (MJ) solar cell temperature within the operational limit in harsh 
environment like Saudi Arabia where the ambient temperature reaches up to 50 
o
C in summer 
time. Furthermore, the feasibility of utilising the output thermal energy absorbed by the 
coolant in case of water active cooling for different thermal applications will be analysed. 
Also, the annual yield total power i.e. electrical and thermal of the HCPV/T system will be 
calculated for the case of Saudi Arabia. Finally, indoor and outdoor thermal characterisation 
of the HCPV/T will be undertaken for validation purpose.  
7.2. High concentrator PV cooling methods 
High concentration will elevate PV cell surface temperature which reduces the electrical 
efficiency and power output from the cell and ultimately degrades its life [25]. Therefore, 
effective cooling is necessary to dissipate the heat from the solar cell and maintain the highest 
performance at all conditions.  
Passive and active cooling are the two main methods for removing heat from high-
illumination photovoltaic cells. Active cooling is more effective in reducing the PV surface 
temperature and can enable utilisation of the removed heat by the cooling fluid for different 
thermal applications [39].  
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Various passive and active cooling methods incorporated with a single HCPV system have 
been described in the literature to maintain the electrical performance and keep the cell 
temperature below the operational limit. According to Royne et al. passive cooling can be 
adequate for single cell geometries for concentration ratio up to 1000 suns since there is a 
large area available behind the cell for a heat sink [38]. However, more than one high 
concentration study concluded that passive cooling is not dissipating enough heat from the 
cell even when a very large heat sink is used especially in high ambient temperatures 
[162,173,204]. Therefore, more investigation has to be undertaken to find the optimum 
solution for each case of HCPV system.  
7.3. Thermal model development of a high concentrator multi-junction PV 
Thermal simulation using FEA is a valuable tool to predict the solar cell’s operating 
temperature and cooling requirements for a range of parameters such as ambient temperature, 
wind speed, solar irradiation, inlet fluid temperature and inlet fluid volume flow rate. It 
improves the prediction accuracy of the electrical and thermal behaviour of multi-junction 
solar cells and the output data can be utilised to optimise the HCPV/T systems. A brief 
literature review on thermal modelling of high concentrator multi-junction PV can be found in 
Appendix F. In the current study, the focus was on studying the thermal behaviour of the 
triple-junction solar cell based HCPV/T system at high ambient temperature regions where it 
can reach 50 
o
C using COMSOL multi-physics software.  
7.3.1. Thermal model methodology    
AZURSPACE III-V multi-junction PV cell type 3C42A made of GaInP-GaInAs-Ge and area 
of 0.01 x 0.01 m
2
 (0.0001 m
2
) with electrical efficiency of 41.2% under concentration ratio of 
500X (X = 1000 W/m
2
) and temperature of 25 
o
C [90] was used in this work. Figure 7.1 
shows a schematic diagram of the multi-junction solar cell assembly (0.0316x0.0296m
2
) 
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Ceramic layer 
Electrical terminals 
By-pass diode 
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Copper layer 
which consists of the solar cell, two copper layers, a ceramic layer, two by-pass diodes, two 
electrical terminals and two side solders. 
 
 
 
 
 
 
 
 
Figure ‎7.1: Schematic diagram of CPV assembly. 
The input solar irradiation flux (qin) on the surface of the PV cell can be calculated using the 
following equation: 
in irra optq q GCR                                   (7.1) 
where qirra is the solar irradiation flux above the Fresnel lens in (W/m
2
), GCR is the 
geometrical concentration ratio of the HCPV optical system and ηopt is the optical efficiency. 
The product of GCR and ηopt is the applied concentration ratio (CR). 
Although the maximum operation temperature of this solar cell is 110 
o
C [90], the typical 
operational temperature range is between 25 
o
C and 80 °C which has to be maintained under 
very high concentration ratios. The solar radiation energy received by the PV cell is partially 
used to generate electricity and the rest is converted to heat. The amount of input energy that 
is converted to heat (qheat) can be calculated using equation 7.2 [41,155,161,176,205]: 
(1 )heat in electq q                                               (7.2) 
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where qin is solar radiation flux on the surface of the PV cell in (W/m
2
) and ηelect is the cell 
electrical efficiency given as a function of thermal coefficient (βthermal = 0.047%), efficiency at 
reference temperature (ηTref = 41.2%), average PV temperature (TPV) and reference 
temperature (Tref =298.15K) as shown in equation 7.3 [41,155]:  
 elect Tref thermal PV refT T                                                                                               (7.3) 
At each iteration in the thermal simulation, the PV cell efficiency (ηelect) is calculated by 
equation 7.3 with the user input values for βthermal, ηTref, Tref and from COMSOL solved value 
for the cell temperature, TPV. 
7.3.2. Theory and governing equations      
All three modes of heat transfer conduction, convection and radiation are needed when 
analysing the thermal performance of HCPV assembly. Conjugate heat transfer physical 
model in COMSOL has the advantage of combining both heat transfer in solids and fluids at 
the same time. Heat is transferred within the multi-junction solar cell solid layers by 
conduction while some heat is transferred to the surroundings by both natural and forced 
convection. Also, some heat is lost to the environment from the assembly surfaces by 
radiation.  
Steady state heat conduction within the PV assembly to the top surface of the cooling channel 
is given by the Fourier’s law of heat conduction [155,173,203,206]: 
 
cond
dT
kQ A
dx
                                               (7.4) 
Where Qcond is the conduction heat-transfer rate (W), A is cross-sectional area (m
2
), k is the 
thermal conductivity of the material (W/ (m.K)) and dT/dx is the temperature gradient.  
The solar energy that is converted to heat will be dissipated from the HCPV assembly to the 
environment or collected by the cooling system to be used in another application. The heat 
which is transferred either by natural or forced convection is given by [155,173,203,206]:  
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conv h AQ T                        (7.5) 
Where Qconv is the convection heat-transfer rate (W), h is convection (natural or forced) heat 
transfer coefficient (W/m
2
.K), A is cross-sectional area (m
2
) and ∆𝑇 is temperature difference 
between fluid and surface (K). 
The heat lost to the environment due to radiation is given by [155,173,203,206]: 
4 4( )radi surf ambQ A T T                                                (7.6) 
Where Qrad is the radiation heat-transfer rate (W), ɛ is the emissivity of the material, σ is 
Stefan Boltzmann constant and A is area of the object (m
2
), Tsurf is the surface temperature (K) 
and Tamb is the ambient temperature (K). 
The Conjugate heat transfer physical model also solves numerically the heat transfer 
equations together with Navier-Stokes equations. For incompressible flow, the continuity 
(7.7) and momentum (7.8) equations are listed below [155]:  
  0u                        (7.7) 
( ( ( ) ))Tu u p u u                                                (7.8) 
The conduction-convection equation is also solved for the heat transfer in the flowing cooling 
water, which is shown in equation 7.9 [155,203,206]: 
 pC u T k T                         (7.9) 
Where ρ is the density of the fluid, u is the velocity of the fluid, p is the pressure, μ is the 
dynamic viscosity, Cp is the heat capacity of the fluid at constant pressure and T is the fluid 
temperature. Turbulent flow may dissipate heat more effectively than laminar flow but it 
causes pressure drop in the cooling channel which ultimately leads to high power 
consumption to run the pump i.e. more costly cooling system [38,155,173]. This aspect is 
crucial during the design and selection of the cooling system as it is not feasible to consume 
high amounts of power produced by the HCPV system for cooling. In the current study, the 
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fully developed water flow is laminar i.e. Reynolds number (Re) ˂ 2300; therefore conjugate 
heat transfer laminar flow model was chosen for the simulation. Reynolds number here was 
calculated based on the hydraulic diameter of the rectangular cooling channel.  
7.3.3. Development of heat sinks and cooling channel for HCPV 
A single HCPV under high concentration ratios system is thermally modelled under passive 
and active cooling. For passive cooling analysis, four Aluminium heat sink geometries were 
designed using SolidWorks and then exported to COMSOL for thermal simulation. These 
designs were inspired by CPVs and electronic component heat sinks in the literature and the 
market which need to be compact, low cost and light weight [207,208]. For active cooling 
analysis, Aluminium cooling channel was developed for water to flow in one direction to cool 
the PV. The criteria for assessing those developed heat sinks and active water cooling channel 
will be based on the ability to maintain the 1cm
2
 PV average temperature within the operating 
limit specified by the manufacturer i.e. 25-80
o
C and the ability to maintain high electrical 
efficiency under the worst climate scenario in Saudi Arabia i.e. ambient temperature of 50
o
C, 
direct normal irradiance of 1000 W/m
2
 and wind speed of 0 m/s [10,22,209]. 
7.3.3.1. Passive cooling heat sink geometries  
Passive cooling can be a better cooling option for HCPV especially in remote areas where 
water resources are limited and periodic maintenance for the cooling system is costly. In this 
work, four heat sinks namely Angular Fins Heat Sink (AFHS), Round Pins Heat Sink 
(RPHS), Straight Fins Heat Sink (SFHS) and Extended Straight Fins Heat Sink (ESFHS) were 
developed to be investigated for cooling CPV cells at high concentration ratio and at different 
ambient temperatures.  
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Angular Fins Heat Sink (AFHS)  
AFHS made of Aluminium is attached to the bottom of PV assembly to dissipate the heat 
load. AFHS consists of 0.09x0.09m
2 
base with 0.002m thickness and 9 angular fins as shown 
in Figure 7.2a. Each fin is 0.09m long and 0.001m thick with 20
o
 spacing angle between the 
angular fins. The length of the fins from the base is varied from maximum of 0.035m to 
minimum of 0.025m. 
Round Pins Heat Sink (RPHS) 
Aluminium RPHS is attached underneath the solar cell (see Figure 7.2b) to dissipate heat 
consisting of 0.09x0.09m
2
 base with 0.002m thickness and 144 round pins. Each round pin is 
0.05m high and 0.005m diameter with 0.0025m spacing distance between all the round pins in 
all directions.  
Straight Fins Heat Sink (SFHS)  
Aluminium SFHS consists of 0.09x0.09m
2
 base with 0.002m thickness and 30 straight fins. 
Each fin is 0.09m long, 0.05m high and 0.001m thick with 0.002m spacing distance between 
each straight fin as shown in Figure 7.2c. 
Extended Straight Fins Heat Sink (ESFHS)  
ESFHS has the same geometry as SFHS but the fins height is extended to 0.1m and the 
number of the fins increased to 44. Each fin is 0.001m thick with 0.001m spacing distance 
between each straight fin as shown in Figure 7.2d.  
7.3.3.2. Active cooling channel geometry 
Figure 7.3 shows the solar cell and the cooling channel assembly with the dimensions in m 
which was described in details in chapter 3. The calculated hydraulic diameter of this cooling 
channel is 1.11x10
-2
 m i.e. 1.1 cm. 
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Figure ‎7.2: Schematic diagram of a) AFHS; b) RPHS; c) SFHS; d) ESFH. 
 
Figure ‎7.3: PV assembly attached to the water cooling channel. 
Figure 7.4a shows the component drawing of a single HCPV/T system including the Fresnel 
lens, solar cell and cooling channel while 7.4b shows the schematic diagram of the cooling 
channel where water with an inlet temperature and inlet mass flow rate is passed through a 
tube with a rectangular cross-section where a constant heat flux was applied. The heat flux is 
used to represent the heat transferred from the concentrated PV cell [176]. 
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Figure ‎7.4: a) Component drawing of a single HCPV/T system; b) cooling simulation 
schematic [176]. 
7.3.4. Thermal model boundary conditions and assumptions   
Figure 7.5 shows a front view of the PV assembly including the solar cell and Al2O3 Ceramic 
sandwiched between two layers of Copper and beneath that there is a thermal paste bonding 
the heat sink/cooling channel to the PV assembly. Moreover, the PV assembly includes two 
electrical terminals, two by-pass diodes and two side-solders which were considered in the 
thermal model. According to Chou et al. [210] and Theristis et al. [206] the triple-junction 
solar cell can be modelled as one homogeneous entity Germanium cell (Ge) since the top 
(GaInP) and middle (GaInAs) subcells are much thinner than the bottom (Ge) subcell and 
hence they would not affect the thermal model. 
 
 
 
 
 
 
 
Figure ‎7.5: Schematic diagram of PV assembly layers. 
 a) 
b) 
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The mechanical dimensions of each layer of the PV assembly [155,206] and the thermo-
physical properties of the PV assembly components [155,173,206,211] are presented in Table 
7.1 and 7.2 respectively. 
Table ‎7.1: PV assembly dimensions. 
Layer Length (m) Width (m) Thickness (m) 
Solar cell 0.01 0.01 0.000190 
Copper-1 0.027 0.025 0.000250 
Al2O3 Ceramic 0.0316 0.0296 0.000320 
Copper-2 0.029 0.027 0.000250 
Thermal paste 0.029 0.027 0.0003 
 
Table ‎7.2: Thermo-physical properties of PV assembly components. 
Material Thermal Conductivity 
[W/mK] 
Heat Capacity 
[J/kgK] 
Density  
[kg/m
3
] 
Emissivity (ε) 
 
Germanium 60 320 5323 0.90 
Copper 400 385 8700 0.05 
Al2O3 Ceramic 30 900 3900 0.75 
Thermal paste 3 700 3000 0.00 
Aluminium 160 900 2700 0.09 
Terminal Brass 151 380 8800 0.03 
Side Solder 50 150 9000 0.03 
By-pass diode 130 700 2329 0.60 
In order to model the above 3-D thermal cases, several assumptions, boundary conditions and 
settings were used [155,203,206] as follows: 
1. The direct solar radiation (qirra) intensity is considered to be 1000 W/m
2
 and it was 
applied uniformly on the Fresnel lens top surface.  
2. The geometrical concentration ratio (GCR) of the Fresnel lens is 625X and the optical 
efficiency (ηopt) is 80% i.e. the applied concentration ratio CR is 500X. 
3. Therefore, the heat flux (qin) is 500,000 W/m
2
 and the input power (Qin) in W is the 
product of the heat flux (qin) and the receiver area Ar = 0.0001 m
2
 which equals to 50 
W. 
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4. All solar irradiation power that is not converted to electricity will be developed into 
heat as per equation 7.2. 
5. Range of ambient temperature to be examined: 25oC, 30oC, 35oC, 40oC, 45oC, 50oC. 
6. The wind speed is assumed to be 0 m/s. 
7. The inlet cooling water temperature for active cooling case is uniform and assumed to 
be 25
o
C. Also, the water velocity inside the cooling channel is set to 0.01 m/s which is 
equivalent to the volume flow rate of about 1.88x10
-6
 m
3
/s and mass flow rate of about 
0.00189 kg/s. 
8. The inlet cooling water flow is fully developed, laminar and steady flow (Figure 7.6).  
9. No slip boundary condition is applied for the internal surfaces of the cooling water 
channel (Figure 7.6).     
10. The cooling channel is not inclined i.e. in horizontal position. 
11. The buoyancy force of the cooling water is considered in this CFD model by adding 
volume force in y-axis to the water domain.  
12. Natural convection was applied to all free surfaces i.e. top, sides and bottom. 
13. Surface to ambient radiation was also applied to all free surfaces.  
14. The initial temperature of all surfaces is set to 25oC.  
 
 
 
 
 
 
 
Figure ‎7.6: Water profile in the cooling channel (m/s). 
m/s 
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7.3.5. Thermal model meshing and solver    
For the four heat sink geometries i.e. passive cooling cases (AFHS, RPHS, SFHS and ESFH), 
the assembly (heat sink and the PV) was meshed using the physics controlled mesh sequence 
in COMSOL. A fine mesh setting with 207,130 elements over the whole assembly was used 
with minimum and maximum element sizes of 0.0009 and 0.0072 m respectively. A mesh 
independency study was conducted by gradually increasing the number of elements starting 
with coarse mesh with 59,820 elements until the PV temperature difference was minimised to 
less than 1 
o
C. Moreover, the relative tolerance of the solver was decreased from 0.001 as a 
default setting to 0.00001 to examine any difference in the final solution but no change was 
noticed. The average computational time that is taken to solve each CPV assembly thermal 
simulation at different ambient temperature was about 2.5 hours including the mesh 
generation time. 
For the cooling channel i.e. active cooling case, three different meshing sizes were chosen for 
the assembly. The internal wall of the cooling channel where the no slip boundary condition 
was applied, finer fluid dynamics mesh was selected with minimum and maximum element 
sizes of 0.00012 and 0.00108m respectively. In addition, the water domain was meshed using 
fine fluid dynamics mesh where the minimum and maximum element sizes were 0.00029 and 
0.00155 m correspondingly. Finally, the remaining geometry including the cooling channel 
and the PV assembly were meshed utilising finer general physics mesh as the minimum and 
maximum sizes are 0.00131 and 0.018 m respectively. A mesh independency study was also 
conducted here using the same technique above by gradually increasing the number of 
elements starting with coarse mesh until the PV temperature difference was minimised to less 
than 1 
o
C. Moreover, the influence of relative tolerance of the solver was also examined by 
decreasing its value. The average computational time that is taken to solve the thermal 
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simulation at different ambient temperature is about 4 hours including the mesh generation 
time. 
The simulation ran using GMRES (Generalized Minimum Residual) which is an iterative 
solver to solve general linear systems. Unlike direct solvers, iterative methods approach the 
solution gradually rather than in one large computational step. Consequently, when solving 
a problem with an iterative method, the error estimate in the solution decrease with the 
number of iterations which can be observed [212].  
7.4. Thermal and electrical results of the thermal simulation  
In order to evaluate the level of challenge, the scenario of the PV assembly (0.0316x0.0296 
m
2
) with no cooling was simulated. Figure 7.7 shows that the maximum cell temperature can 
reach 750 °C at ambient temperature of 50 °C if no cooling is applied.  
 
 
 
 
 
 
 
 
Figure ‎7.7: PV assembly temperature distribution for solar cell without heat sink at 50°C 
ambient temperature. 
Figure 7.8 shows the variation in cell surface average temperature with time at tested ambient 
temperature of 50 
o
C. It can be observed that the cell temperature increased from the initial 
temperature i.e. ambient temperature to 700 
o
C in only about 60 seconds and reached steady 
state i.e. temperature of 742 
o
C in about 120 seconds.  
o
C 
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Figure ‎7.8: Variation in cell temperature with time at ambient temperature of 50 °C. 
In case of passive cooling, the generated heat is transferred through the PV cell solid layers by 
conduction to the heat sink where it is dissipated to the surrounding by natural convection and 
radiation. Figure 7.9a shows the temperature contours of the solar cell assembly attached to 
the AFHS under CR of 500X. The maximum temperature on the PV surface reached 210
o
C at 
ambient temperature of 50
o
C. Compared to the case of no cooling above, it is clear that AFHS 
heat sink is able to significantly reduce the PV volumetric average temperature from about 
742 
o
C to about 206 
o
C. However, it is not efficient enough to keep the PV average 
temperature within the recommended operating temperature limit (25-80 
o
C). Figure 7.9b 
shows the temperature contours of the solar cell assembly attached to the RPHS which 
performs better than AFHS; the maximum temperature on the PV surface reaches 117 °C at 
ambient temperature of 50 °C and the solar cell volumetric average temperature is about 112 
o
C. On the other hand, Figure 7.9c shows the temperature profile of the PV assembly attached 
to SFHS; the maximum temperature is 96 °C at the same ambient temperature and the solar 
cell volumetric average temperature is 92 
o
C. Although RPHS and SFHS are tested at the 
same surrounding conditions, SFHS is performing better than RPHS in dissipating heat load 
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with PV average temperature difference between the two heat sinks of 21 K in all tested 
ambient temperatures. Finally, Figure 7.9d shows the temperature distribution of the solar cell 
assembly attached to the ESFHS where the maximum temperature on the PV surface reaches 
85 °C at ambient temperature of 50 °C but the volumetric solar cell average temperature is 
about 80 
o
C. ESFHS is the only heat sink which keeps the PV average temperature within the 
safe operating temperature. It can be concluded that design of the heat sink play a major role 
in heat dissipation performance. 
In case of active cooling, the generated heat is transferred through the PV cell solid layers by 
conduction to the water channel where it is dissipated mainly by forced convection. Figure 
7.10 shows the temperature plot of the PV assembly above the cooling channel at 0.01m/s 
inlet water velocity corresponding to Reynolds number of around 122; the maximum 
temperature on the PV surface is 67 °C and the volumetric average PV temperature is about 
63 
o
C at ambient temperature of 50 °C. Clearly, there is a drop in the PV average temperature 
of about 17 K compared to ESFHS and about 143 K compared to AFHS at the high ambient 
temperature of 50
o
C.  
 
 
 
 
 
 
 
 
 
Figure ‎7.9: HCPV assembly temperature profile for a) AFHS; b) RPHS; c) SFHS; and d) 
ESFHS at 50°C ambient temperature. 
a) b) 
c) d) 
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Figure ‎7.10: HCPV assembly temperature profile for water active cooling case at 50 °C 
ambient temperature.  
Figure 7.11 demonstrates the performance of the four passive cooling heat sinks and the 
active water cooling in maintaining the PV average temperature at different ambient 
temperatures. It can be noticed that the heat sink dissipation performance is negatively 
influenced by the increase in the ambient temperature. For example, at ambient temperature of 
25 °C the average temperature of the solar cell attached to SFHS is about 66 
o
C while at 
ambient temperature of 50 
o
C the average temperature is about 92 
o
C. AFHS shows the worst 
heat dissipation performance compared to the other heat sinks as the PV average temperature 
exceeded the maximum operating temperature (110 
o
C) in all tested cases. Also, RPHS is not 
able to maintain the PV average temperature below 110 
o
C at ambient temperature of 50 
o
C as 
it reached to more than 112 
o
C. On the other hand, SFHS is able to keep the PV average 
temperature within the operating limits (25-80 
o
C) at all ambient temperatures except at 45
o
C 
and 50
o
C. ESFHS is the only heat sink geometry design that is efficient enough to maintain 
the PV average temperature within the operating temperature limit even at ambient 
temperature of 50 
o
C. Unlike passive cooling method which is strongly influenced by the 
surrounding conditions, water cooling at moderate velocity (0.01 m/s) that can be supplied 
o
C 
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directly from the domestic tap water has the ability to keep the PV average temperature 
almost steady i.e. 60 
o
C regardless of the ambient temperature. 
Figure ‎7.11: PV average temperature at different ambient temperatures. 
As a result of increasing the PV average temperature in case of AFHS, RPHS, SFHS and 
ESFHS when ambient temperature increases, the PV electrical efficiency decreases 
accordingly as illustrated in Figure 7.12. Due to the high PV average temperature of the 
AFHS assembly the electrical efficiency are about 33.9% and 32.7% at 25
o
C and 50
o
C 
ambient temperature respectively. Also, the PV electrical efficiency of the ESFHS at ambient 
temperature of 25
o
C and 50
o
C are 39.8% and 38.6%. On the other hand, active water cooling 
is capable of maintaining the output electrical efficiency at about 39.5% at the range of 
different ambient temperatures used. It can be noticed that the performance sensitivity of this 
type of solar cell (triple-junction) to the temperature is low compared to the conventional 
silicon solar cells.    
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Figure ‎7.12: PV electrical efficiency at different ambient temperatures for the different 
cooling methods. 
Based on energy conservation principle at steady state, the following relations must be 
satisfied: 
in therm elecQ Q Q                    (7.10) 
or 
in radi conv cool elecQ Q Q Q Q                    (7.11) 
 Where Qin is the input solar energy, Qtherm is the thermal energy generated by the system, 
Qelec is the electrical energy generated by the PV, Qradi is the surface to ambient radiation 
energy, Qconv is the natural/forced convection heat transfer to the atmosphere and Qcool is the 
thermal energy removed by the cooling system. In passive cooling systems, the thermal 
energy carried by the coolant is equal to zero i.e. Qcool = 0 while surface to ambient radiation 
(Qradi) and natural convection (Qconv) are dominant. On the other hand, in active cooling 
systems radiation (Qradi) and natural convection (Qconv) mechanisms are very small compared 
to the thermal energy removed by the cooling fluid (Qcool). The thermal energy extracted by 
the water (Qcool) per second can be calculated using the following equation: 
( )cool p out inQ mC T T

                   (7.12) 
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Where m

is the mass flow rate of the water in (kg/s), Cp is the heat capacity of the water at 
constant pressure in (J/(kg∙K)), Tout is the water outlet temperature in (
o
C) and Tin is the water 
inlet temperature in (
o
C). The mass flow rate of the water passing through the cooling channel 
can be calculated using the following equation: 
m UA

                                          (7.13) 
Where ρ is the density of the water in (kg/m3), U is the mean velocity of the water in (m/s) 
and A is the cooling channel cross sectional area in (m
2
).  
The electrical energy generated by the PV (Qelec) is calculated using the following equation: 
 elec in elecQ Q                                       (7.14) 
Table 7.3 presents the produced electrical and thermal energy for PV attached to ESFHS at 
different ambient temperatures and with Qin= 50 W. 
Table ‎7.3: Thermal and electrical energy generated by the HCPV system attached to ESFHS. 
Ambient Temp. (
o
C) Qtherm (W) Qradi (W) Qconv (W) Qcool (W) Qelec (W) Utilised energy (W) 
25 30.108 0.165 29.943 0.000 19.892 19.892 
30 30.229 0.175 30.054 0.000 19.771 19.771 
35 30.351 0.185 30.166 0.000 19.649 19.649 
40 30.473 0.197 30.276 0.000 19.527 19.527 
45 30.591 0.205 30.386 0.000 19.409 19.409 
50 30.713 0.217 30.496 0.000 19.287 19.287 
It can be observed that the thermal radiation and natural convection energies are increased as 
the ambient temperature increases while the electrical output is decreased. Moreover, the 
surface to ambient radiation is relatively small compared to the natural convection. Also, most 
of the input energy into the HCPV system is wasted to the atmosphere in the form of thermal 
energy. For example, at ambient temperature of 25
o
C more than 60% of the input energy is 
converted to heat and this percentage increases as the ambient temperature increases. This 
heat can be utilised using HCPV/T system which generates both electrical and thermal 
energies as illustrated below.  
Table 7.4 presents the produced electrical and thermal energy for HCPV attached to the water 
cooling channel at different ambient temperatures.  
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Table ‎7.4: Thermal and electrical energy generated by the HCPV/T system attached to a 
water cooling channel. 
Ambient Temp. (
o
C) Qtherm (W) Qradi (W) Qconv (W) Qcool (W) Qelec (W) Utilised energy  (W) 
25 30.258  0.131  1.224 28.903 19.742 48.645 
30 30.263  0.050  0.383 29.830 19.737 49.567 
35 30.268 -0.034 -0.509 30.811 19.732 50.543 
40 30.274 -0.122 -1.532 31.928 19.726 51.654 
45 30.280 -0.214 -2.654 33.148 19.720 52.868 
50 30.285 -0.311 -3.841 34.437 19.715 54.152 
It can be observed that the system gains heat through thermal radiation and natural convection 
(negative sign) at ambient temperature of 35
o
C and above which means that the average 
temperature of the whole assembly i.e. PV and the cooling channel is less than the 
temperature of the ambient. For instance, at ambient temperature of 50
o
C the system is 
gaining more than 4 W through thermal radiation and natural convection. This will enhance 
the thermal and total energy output of the system since the electrical performance of the 
multi-junction PV is almost steady at all ambient temperatures. Therefore, it can be concluded 
that high ambient temperature for such a system is an advantage if the thermal energy output 
is utilised. Moreover, the surface to ambient radiation and natural convection here are 
relatively small compared to the water forced convection. For example, at ambient 
temperature of 25
o
C the sum of the radiation and natural convection energy losses is less than 
1.4 W i.e. less than 3% of the energy input while the other 97% of the energy is utilised as 
Qelec and Qcool.  
The thermal efficiency of the HCPV/T system is given by the following equation: 
cool
therm
in
Q
Q
                                 (7.15) 
Figure 7.13 shows the electrical (ηelec) and thermal efficiencies (ηtherm) generated by the 
HCPV/T system at different ambient temperature. The small reduction in the electrical 
efficiency (ηelec) which is less than 1% i.e. from about 39.48% to 39.43% is compensated 
since the thermal efficiency (ηtherm) is increased from 58% at ambient temperature of 25
o
C to 
about 69% at ambient temperature of 50
o
C with about 19% increase. It can be concluded that 
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the electrically worst case scenario for the HCPV/T i.e. at ambient temperature of 50
o
C is the 
best case scenario for the thermal output.  
Figure ‎7.13: HCPV/T electrical and thermal efficiency at different ambient temperatures. 
The optical loss is not considered in the calculated electrical and thermal efficiencies 
presented above. Therefore, the total efficiency of the HCPV/T system including the optical, 
electrical and thermal losses can be calculated using the following equation: 
elec cool
tot
irra r
Q Q
q GCR A



 
                  (7.16) 
Figure 7.14 shows the total efficiency (ηtot) generated by the HCPV/T system at different 
ambient temperature taking into account all the losses in the system. Due to the increase in the 
thermal efficiency as the ambient temperature increases and the stable electrical performance 
of the system, the total efficiency is increased with increasing the ambient temperature. For 
instance, the total efficiency of the HCPV/T at 25
o
C ambient temperature is about 78% while 
at ambient temperature of 50
o
C the total efficiency is more than 86% with percentage increase 
of around 11%.  
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Figure ‎7.14: HCPV/T total efficiency at different ambient temperatures. 
7.5. Feasibility of utilising HCPV/T outlet water temperature in different 
thermal applications  
Figure 7.15 shows the water temperature along the cooling channel for a single HCPV/T at 
different ambient temperatures captured from COMSOL. At ambient temperature of 50
o
C, the 
output cooling water average temperature was raised from the input temperature of 25
o
C to 
about 30
o
C while at 25
o
C ambient temperature the outlet water temperature is increased to 
about 29
o
C. Moreover, three CPV assemblies were placed in series on the same cooling 
channel, as shown in Figure 7.16, where the heat flux is applied uniformly on each PV top 
surface and thermally simulated applying the same assumptions and boundary conditions 
described in section 7.4.4 to predict the outlet water temperature. As demonstrated in the 
Figure, the spacing distance between two solar cells is the same spacing distance between the 
inlet of the cooling channel and solar cell 1 and the distance between the outlet of the cooling 
channel and solar cell 3 i.e. 0.0583 m. 
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Figure ‎7.15: One HCPV water temperature along the cooling channel at different ambient 
temperature. 
 
 
 
 
 
 
 
 
 
Figure ‎7.16: Three HCPVs temperature profile for water cooling at 50 °C ambient 
temperature. 
Due to the increase in the water temperature along the cooling channel, the PV performance 
differs; the first solar cell close to the water entrance has the highest performance where the 
water temperature is 25
o
C while the last solar cell close to the water channel exit has the 
lowest performance as shown in Figure 7.17. For example, at ambient temperature of 50 
o
C 
the electrical efficiency of the solar cell number 1 is about 39.5% while cell number 3 is about 
39.0%. 
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Figure ‎7.17: PV electrical efficiency of each solar cell in series at different ambient 
temperatures. 
The average outlet water temperature at ambient temperature of 50 
o
C is increased from 25 
o
C 
before the first cell to about 38 
o
C after the third cell as shown in Figure 7.18. In other words, 
a single PV assembly increases the coolant water temperature by about 5 
o
C. 
 
 
 
 
 
 
 
 
 
 
Figure ‎7.18: Three HCPVs water temperature along the cooling channel at different ambient 
temperature. 
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By extrapolating these data, Figure 7.19 shows that placing 14 HCPVs in series on the 
cooling channel will increase the outlet water average temperature to 90
o
C even at the lowest 
tested ambient temperature of 25
o
C which makes the coupling to different thermal 
applications such as a single stage absorption cooling system feasible [158]. 
 
Figure ‎7.19: Increasing of outlet water temperature with number of HCPVs. 
Table 7.5 shows the produced electrical (Qelec), thermal (Qtherm) and total utilised energy for 
the three HCPVs attached to the water cooling channel at different ambient temperatures. The 
heat absorbed by the cooling water increased from about 86 W to 93 W when the ambient 
temperature increased from 25
o
C to 50
o
C while the electrical output of the three solar cells is 
almost stable at around 58 W. The increase in the thermal energy gained by the coolant is due 
to the gained heat from the ambient by natural convection and radiation. Therefore, the total 
output including the thermal and electrical power increased by about 5% when the ambient 
temperature increased from 25
o
C to 50
o
C i.e. from 145 W to about 152 W. Moreover, the 
Table below shows that the thermal efficiency increased from about 58% to about 62% while 
the electrical efficiency is almost steady at 39%. The total efficiency of the HCPV/T using 
three solar cells system considering the optical, thermal and electrical losses is demonstrated 
in the Table as well. The total efficiency increased with increasing the ambient temperature. 
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For instance, the total efficiency of the HCPV/T at 25
o
C ambient temperature is about 78% 
while at ambient temperature of 50
o
C the total efficiency is more than 81% with percentage 
increase of more than 5%. 
Table ‎7.5: Output power and efficiency of 3 HCPVs attached to the water cooling channel. 
Ambient Temp. (
o
C) Qcool (W) Qelec (W) Utilised energy (W) ηtherm(%)  ηelec(%) ηtot(%) 
25 86.444 58.993 145.437 57.629  39.329 77.566 
30 87.874 58.983 146.857 58.583  39.322 78.324 
35 89.205 58.966 148.171 59.470  39.311 79.024 
40 90.485 58.953 149.438 60.323  39.302 79.700 
45 91.743 58.933 150.677 61.162  39.289 80.361 
50 93.106 58.917 152.023 62.070  39.278 81.079 
7.6. Effect of varying input parameters on the HCPV/T performance  
In this section, the influence of varying the input solar irradiation, the cooling water volume 
flow rate and cooling water inlet temperature on the HCPV/T thermal and electrical 
performance was examined. 
7.6.1. Effect of the input solar irradiation on the HCPV/T performance 
A thermal simulation was undertaken to examine the influence of varying the input solar 
irradiation (qirra) on the electrical (Qelec) and thermal (Qtherm) outputs of a single HCPV/T at 
ambient temperature of 50
o
C applying the same assumptions and boundary conditions 
described in section 7.4.4. The input irradiances to be tested are: 500, 600, 700, 800, 900 and 
1000 W/m
2
. Although the average temperature of the PV increased with the input irradiation, 
Figure 7.20 shows that when the solar irradiance increased from 500 to 1000 W/m
2
 the 
electrical output increased 100% from 10 to 20 W. On the other hand, the thermal power 
increased from about 20 W at solar irradiance of 500 W/m
2
 to 35 W at 1000 W/m
2
 with 
increase of 75%. It can be concluded, that the input irradiance has a noticeable influence on 
the HCPV/T thermal and electrical performance.  
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Figure ‎7.20: Electrical and thermal outputs of a single HCPV at different irradiance. 
7.6.2. Effect of the cooling water volume flow rate on the HCPV/T 
performance 
The effect of varying the input cooling water volume flow rate on the electrical (Qelec) and 
thermal outputs (Qtherm) of a single HCPV/T at ambient temperature of 50
o
C applying the 
same assumptions and boundary conditions described in section 7.4.4 was examined. This 
was carried out by varying the input water velocity (U) into the cooling channel. The input 
velocities tested were: 0.01, 0.03, 0.05, 0.07 and 0.09 m/s. This is equivalent to volume flow 
rates of 1.89x10
-6
, 5.67x10
-6
, 9.45x10
-6
, 1.32x10
-5 
and 1.70x10
-5 
m
3
/s with corresponding 
Reynolds number of 121.6, 364.92, 608.2, 851.5 and 1094.8. Figure 7.21 shows the PV 
average temperature as the inlet water velocity increases from 0.01 to 0.09 m/s. The PV 
temperature decreased by more than 10 K when the inlet water velocity increased from 0.01 
m/s to 0.09 m/s  i.e. from about 63
o
C to about 52
o
C. 
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Figure ‎7.21: PV average temperature of a single HCPV at different inlet water velocity. 
Figure 7.22 shows that due to the reduction in the PV temperature when the inlet cooling 
water velocity increased from 0.01 to 0.09 m/s the electrical output increased from 19.72 to 
19.96 W with increment of only 1.2%. Moreover, the thermal power increased from about 
34.44 W at water velocity of 0.01 m/s to 35.37 W at 0.09 m/s with increment of 2.7%.  
 
 
 
 
 
Figure ‎7.22: Electrical and thermal outputs of a single HCPV at different inlet water velocity. 
The small increase in the thermal efficiency can be referred to the reduction in the natural 
convection and radiation to ambient as ΔT decreases. The positive influence of increasing the 
volume flow rate by increasing the inlet water velocity more than 0.01 m/s on the HCPV/T 
performance is not significant due to the low sensitivity of the MJ solar cell to the elevated 
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temperature which has limited effect on the electrical output. Therefore, it can be concluded 
that the extra power required for increasing the cooling water flow rate may not be 
economically feasible in this case. 
7.6.3. Effect of cooling water inlet temperature on the HCPV/T 
performance 
A thermal modelling is undertaken to examine the influence of varying the inlet cooling water 
temperature (Tin) on the electrical (Qelec) and thermal power output (Qtherm) of a single 
HCPV/T at ambient temperature of 50 
o
C applying the same assumptions and boundary 
conditions described in section 7.4.4. The inlet water temperatures to be tested are: 25, 30, 35, 
40 and 45
o
C. Figure 7.23 shows that when the (Tin) increased from 25 to 45 
o
C the electrical 
output decreased from about 19.70 W to about 19.25 W with reduction of 2.3%. This can be 
referred to the decrease in the cooling effect as (ΔT) between the coolant and the PV 
decreases. Moreover, the thermal power decreased from about 34.5 W at cooling water inlet 
temperature of 25 
o
C to 30.5 W at cooling water inlet temperature of 45 
o
C with reduction of 
11.6%. The reduction in the thermal power as Tin increases can be referred to the reduction in 
the ΔT as well.  
 
 
 
 
 
 
Figure ‎7.23: Electrical and thermal outputs of a single HCPV at different inlet cooling water 
temperature. 
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Figure 7.24 shows that the PV average temperature has exceeded the recommended operating 
temperature i.e. 80
o
C at inlet water cooling temperature of 45
o
C. Therefore, the inlet cooling 
water average temperature should be 43
o
C and less to maintain the PV within the safe 
operation limit.  
 
 
 
 
 
 
Figure ‎7.24: Average PV temperature at different inlet cooling water temperature. 
7.7. HCPV/T outdoor performance based on Saudi Arabia solar irradiation 
and ambient conditions 
In this section, analysis will be carried out to estimate the maximum and average power 
output that can be collected from a single HCPV/T in one year based on Saudi Arabia solar 
irradiation and ambient conditions. The thermal modelling assumptions are the same as in 
section 7.4.4 except the following:  
1. From chapter 6, the outdoor electrical efficiency of the solar cell at high concentration 
i.e. >100X and surface temperature of 25 
o
C (reference temperature) is about 36%.  
2. The maximum daily total DNI is 10,157 Wh/m2 while the average daily total DNI is 
6047 Wh/m
2
 [22]. Therefore, if the annual average value of sunshine duration is about 
12 hours [213] then the maximum hourly DNI is about 850 W/m
2
 while the average 
hourly DNI is about 500 W/m
2
.  
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3. The applied CR is 500X where X = 850 and 500 W/m2. Therefore, the applied heat 
fluxes (qin) are 425,000 and 250,000 W/m
2
 and the input power (Qin) in W are equal to 
42.5 and 25.0 W respectively. 
4. The annual day average ambient temperature is 33 °C [214]. 
5. The annual average wind speed is 3.7 m/s [213].  
The resulting HCPV/T electrical and thermal efficiency for the maximum input power is 
34.4% and 68.3% respectively and the total efficiency is 82.2%. Moreover, the resulting 
HCPV/T electrical and thermal efficiency for the average input power is 35.0% and 74.3% 
respectively and the total efficiency is 87.5%. The ambient temperature is higher than the 
overall HCPV/T system temperature leading to a heat gain from the surrounding which 
increases the thermal efficiency especially in the case of average input power. Figure 7.25 
shows the yearly average and maximum electrical, thermal and total power yield of a single 
HCPV/T based on Saudi Arabia average and maximum hourly DNI and ambient conditions.  
 
 
 
 
Figure ‎7.25: Thermal, electrical and total yearly yield average and maximum power of a 
single HCPV/T. 
The average and maximum electrical power that can be generated in a year are up to 38.4 and 
64.1 kWh respectively. Moreover, the average and maximum thermal power that can be 
collected in a year are about 81.4 and 127.2 kWh respectively. Finally, the average and 
maximum total power (i.e. electrical plus thermal) that can be collected in a year are up to 
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119.7 and 191.3 kWh respectively. Table 7.6 summarises the average and maximum power 
yield of a single HCPV/T based on daily, monthly and yearly periods. This Table can be used 
as a reference to calculate the expected power output if more than one HCPV/T system is 
installed. For example, if 10 HCPV/T systems are installed then the maximum and average 
yearly yield total powers are up to 1912.5 kWh and 1197.3 kWh respectively.  
Table ‎7.6: Electrical, thermal and total yield power of a single HCPV/T at different periods of 
time. 
Single 
HCPV/T 
Period 
Electrical Power 
(kWh) 
Thermal Power 
(kWh) 
Total Power 
(kWh) 
Average Maximum Average Maximum Average Maximum 
Daily 0.11 0.18 0.22 0.35 0.33 0.53 
Monthly 3.15 5.26 6.69 10.46 9.84 15.72 
Yearly 38.38 64.05 81.35 127.21 119.73 191.25 
The annual electrical energy demand of a typical house in Saudi Arabia is 35,120 kWh 
including the heavy energy consumption by air conditioning and water heating [215]. 
Therefore, the annual total power yield of 184 units of 0.25x0.25 m
2
 HCPV/T which only 
occupy 11.5 m
2
 can respond to more than this demand. In comparison to 1.2x0.8 m
2
 flat plate 
silicon PV module with electrical efficiency of 20%, more than 47 m
2
 area is needed to 
respond to the same annual demand; therefore HCPV/T system can save about 76% of the 
area needed. Besides the energy and monetary savings, there is one more benefit which is the 
amount of pollution to be displaced through the use of renewable energy. The Global 
Warming Potential (GWP) can be used as a pollution indicator due to its popularity in the 
literature [176,216]. One average kWh of electricity equates to a GWP of 0.0006428 tons of 
CO2; therefore 184 HCPV/T units can displace about 23 tons of CO2 every year.  
7.8. Thermal model validation  
Indoor and outdoor experimental tests can be undertaken to study the thermal performance of 
the HCPV/T system. The advantage of carrying out the outdoor testing is that the thermal and 
electrical output can be measured simultaneously under real conditions. But, the disadvantage 
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of this method is the uncontrollable atmospheric parameters that may affect the results such as 
wind speed. The indoor thermal and electrical testing can be implemented using a pulsed or 
continuous solar simulator. However, unlike conventional silicon based system the HCPV 
system integrating Fresnel lens and multi-junction solar cell is very demanding in terms of 
incident light collimation, uniformity and spectral match which makes HCPV solar simulator 
very expensive for this project. Therefore, alternative method is followed for indoor thermal 
testing which is based on simulating the heat load on the PV surface using Electrical 
Resistance Heater (ERH) as demonstrated below [155,205].     
7.8.1. Indoor thermal model validation  
The heat load on the solar cell was calculated through the PV thermal modelling which 
follows the same assumptions described in section 7.4.4 except that the ambient and cooling 
water input temperatures were 17.45 °C and 17.50 °C respectively as measured during the 
experimental test. Moreover, the inlet water volume flow rate was varied from: 8.33x10
-7
, 
1.67x10
-6
, 2.50x10
-6
, 3.33x10
-6
 and 4.17x10
-6
 m
3
/s which are equivalent to the following 
water velocity: 0.004, 0.009, 0.013, 0.018 and 0.022 m/s respectively. Table 7.7 below shows 
the modelling results including the thermal power generated to be applied as a heat load on 
the CPV system.  
Table ‎7.7: Thermal and electrical outputs of the thermal modelling at different water flow 
rate. 
Water flow 
rate 
(m
3
/s) 
Received 
power by PV 
(W) 
PV average 
Temp.  
(
o
C) 
Electrical 
efficiency  
(%) 
Electrical 
power output  
(W) 
Thermal power 
generated  
(W) 
8.33x10
-7
 50 60.59 39.53 19.76 30.24 
1.67x10
-6
 50 54.57 39.81 19.91 30.09 
2.50x10
-6
 50 52.37 39.91 19.96 30.04 
3.33x10
-6
 50 50.64 40.00 20.00 30.00 
4.17x10
-6
 50 49.67 40.04 20.02 29.98 
It can be noticed that the PV electrical power increases with the water flow rate which 
ultimately reduces the heat load i.e. the generated thermal power. For example, at water flow 
rate of 8.33x10
-7
 m
3
/s the heat load is 30.24 W while at 4.17x10
-6
 m
3
/s the heat load is 29.98 
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W. In the experimental set-up, a 35 W 15 Ω ERH with dimensions of 0.011m x 0.0105m x 
0.0045m was used to simulate the heat load at the top of the PV assembly as shown in Figure 
7.26. 
 
 
 
 
 
Figure ‎7.26: ERH at the top of the PV assembly. 
Variable DC power supply was used to set the power input into the resistance heater. 
Moreover, a flow meter was used to control the water volume flow rate and a data logger to 
collect the temperature data including the two high precision Resistance Temperature 
Detectors (RTD) data at the inlet and outlet of the cooling channel as shown in Figure 7.27.  
 
 
 
 
 
Figure ‎7.27: Indoor thermal modelling validation experimental set-up. 
Five u-shape grooves on the cooling channel (Figure 7.28a) with dimensions of 0.0015m× 
0.00075m were made to insert three 0.00013m diameter thermocouples just underneath the 
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PV and two at opposite corners of the PV assembly as shown in Figure 7.28b. Thirteen 
thermocouples in total were distributed on the CPV system as shown in Figure 7.28 to 
measure the PV surface temperature, PV assembly, top and side of the cooling channel.  
 
 
 
 
 
 
 
 
 
Figure ‎7.28: a) Side view of the cooling channel grooves; b) thermocouples locations on the 
PV assembly; c) & d): thermocouples locations at the top and side of the cooling channel. 
Figure 7.29 shows the close agreement between the experimental and the simulation average 
temperature at different locations at flow rate of 8.33x10
-7
 m
3
/s. For example, the simulation 
PV temperature is only 3.6% higher than the experimental while the coolant outlet 
temperature of the simulation is 2.8% higher than experimental value.  
 
 
Figure ‎7.29: Temperature comparison at flow rate of 8.33x10
-7
 m
3
/s. 
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The experimental thermal efficiency of the system was calculated and compared against the 
simulation one as shown in Figure 7.30. It can be observed that the thermal efficiency 
increases as the inlet cooling water flow rate increases. For example, the simulation thermal 
efficiency at flow rate of 8.33x10
-7
 m
3
/s is about 56% while at flow rate of 4.17x10
-6
 m
3
/s the 
thermal efficiency is about 58% with increment of about 3.6%. Also, the Figure shows the 
close agreement between the experimental and the simulation thermal efficiency with 
maximum deviation of about 8% at flow rate of 8.33x10
-7
 m
3
/s. The difference between the 
simulation and experimental thermal efficiency can be referred to the small deviation in inlet 
cooling water temperature (Tin) and mean velocity (U) which influence the ΔT (Tout -Tin) and 
mass flow rate (ṁ) respectively since water is directly supplied from the tap water.   
 
 
 
 
 
 
 
 
 
Figure ‎7.30: Simulation and indoor experimental thermal efficiency at different water flow 
rates. 
7.8.2. Outdoor thermal model validation  
Outdoor HCPV/T experimental set-up that was used for optical and electrical performance 
analysis was also used to study the thermal performance of the system. The thermal modelling 
assumptions are the same as in section 7.4.4 except the following:  
1. From chapter 6, the outdoor electrical efficiency of the solar cell at high concentration 
i.e. >100X and at reference temperature is about 36%.  
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2. The applied concentration ratio is 114X. Therefore, the applied heat flux (qin) is 
114,000 W/m
2
 and the input power (Qin) in W are equal to 11.4 W. 
3. The cooling channel is inclined at 42o from normal.  
4. The wind speed is assumed to be 4 m/s [217].  
5. The ambient and cooling water input temperatures are 24.54 °C and 25.00 °C 
respectively as measured during the experimental test.  
6. The inlet water volume flow rate is varied from: 8.33x10-7, 1.67x10-6, 2.50x10-6, 
3.33x10
-6
 and 4.17x10
-6
 m
3
/s which are equivalent to the following water velocity: 
0.004, 0.009, 0.013, 0.018 and 0.022 m/s respectively. 
For both simulation and experimental results, Figure 7.31 shows that the PV average 
temperature decreases as the cooling water flow rate increases. Also, the Figure shows the 
close agreement between the experimental and the predicted PV average temperature at 
different water flow rate with maximum deviation of less than 3 
o
C i.e. 10% at flow rate of 
4.17x10
-6
 m
3
/s. 
 
 
Figure ‎7.31: Simulation and experimental temperature comparison at different flow rates. 
The experimental thermal efficiency of the system is calculated and compared against the 
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simulation one as shown in Figure 7.32. The maximum thermal efficiency deviation between 
the two results is about 10% at flow rate of 2.50x10
-6 
m
3
/s. The difference between the 
simulation and experimental thermal efficiency can be due to the small deviation in the inlet 
water temperature (Tin) and mean velocity (U) especially in outdoors testing where long 
supply hose was used to feed the system by cooling water.   
 
 
 
 
 
 
 
Figure ‎7.32: Simulation and outdoor experimental thermal efficiency at different water flow 
rates. 
The experimental electrical efficiency of the system is calculated and compared against the 
simulation one as shown in Figure 7.33. The electrical efficiency increased by increasing the 
volume flow rate of the water. Due to the close agreement in the average PV temperature and 
low sensitivity of the solar cell to the temperature there is also close agreement in the 
electrical efficiency between the experimental and the simulation with maximum difference of 
about 0.4%. The difference between the simulation and experimental electrical efficiency can 
be referred to the small deviation in solar cell average temperature. As shown in Figure 7.31, 
the resulting simulation PV cell temperature is higher than the experimental PV cell 
temperature in all inlet water flow rates. Consequently, the resulting electrical efficiency of 
the simulation is lower than the experimental one as demonstrated in figure 7.33.  
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Figure ‎7.33: Simulation and outdoor experimental electrical efficiency at different water flow 
rates. 
7.9. Summary 
Four heat sinks geometries were developed and tested thermally to keep the solar cell within 
the safe operating temperature. Only ESFHS with thinner and longer fins was able to maintain 
the PV temperature ≤ 80 oC at concentration ratio of 500X and at ambient temperature of 50 
o
C. It can be concluded that design of the heat sink play a major role in heat dissipation 
performance.  
Passive cooling can be a better choice for HCPV in remote areas where water resources are 
limited and periodic maintenance for the cooling system is costly. However, to make HCPV 
more cost effective HCPV/T principle is applied where both electrical and thermal energy can 
be utilised. Water cooling at moderate velocity i.e. 0.01 m/s (Re ≈ 122), which can be 
supplied directly from the domestic tap water, has the ability to keep the PV temperature 
almost steady regardless of the ambient temperature. Due to stable PV temperature, the 
electrical efficiency is almost constant. 
The influence of varying the input solar irradiation, the cooling water volume flow rate and 
cooling water inlet temperature on the HCPV/T performance was examined. It was found that 
the input irradiance is the most influencing parameter as the electrical and thermal output 
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increased 100% and 75% respectively when the input solar irradiance increased from 500 to 
1000 W/m
2
.  
HCPV/T outdoor performance analysis based on Saudi Arabia solar irradiation and ambient 
conditions was undertaken to estimate the power output that can be collected in one year. 
Based on the annual electrical energy demand of a typical house in Saudi Arabia including the 
heavy energy consumption by air conditioning and water heating, 184 units of the developed 
0.25x0.25 m
2
 HCPV/T which only occupy 11.5 m
2
 can respond to more than the this demand. 
Also, in comparison to the flat plate silicon PV module with electrical efficiency of 20% and 
1.2x0.8 m
2
 area, HCPV/T system can save about 76% of the area needed. Moreover, in terms 
of pollution these units can displace about 23 tons of CO2 every year.  
Indoor and outdoor experimental tests were undertaken for thermal characterisation of the 
HCPV/T and for validation purpose. Close agreement between the experimental and the 
predicted PV average temperature was found with maximum deviation of less than 3 
o
C i.e. 
10%. Also, maximum difference of 10% was found between the experimental and simulation 
thermal output. 
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CHAPTER 8  
8. Conclusions and Recommendations for future works  
 
8.1. Introduction  
Due to the energy issues experienced all over the world and the problems associated with the 
use of conventional fossil fuel, interest in harnessing renewable energy sources is increasing. 
Developed countries are facing global warming problems while developing countries suffer 
from inadequate generation and supply of energy.  
Solar PV power has been one of the fastest growing solar energy technologies that can be 
successful alternative to the fossil fuel and potential contributor to the energy but it suffers 
from low efficiency which leads to high initial cost. One method to reduce the PV technology 
cost is to replace the expensive PV material with cheaper optical concentrators such as lenses 
and mirrors; this technology is called CPV. Point-focus Fresnel lens concentrator can be 
integrated to CPV systems to achieve high concentration ratios exceeding 100 suns hence 
called high concentrator PV (HCPV). To make HCPV systems more cost effective, the 
thermal energy absorbed by the coolant can be utilised for different thermal applications 
therefore called HCPV/T. HCPV/T technology has attracted more attention especially after 
introducing multi-junction solar cells for terrestrial applications as those cells keep achieving 
new conversion efficiency records. However, as the research in this area is at its early stages 
there are certain issues still arise during operations that need further studies including non-
uniform illumination, hot spot, small acceptance angle and high PV temperature. Moreover, 
there are some challenges related to the environment like high ambient temperature and dust.   
The present study involves the development and performance characterisation including 
optical, electrical and thermal of MJ based HCPV/T for residential application that can 
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generates electricity and heat simultaneously. Detailed modelling is important to predict the 
performance and helps to overcome the HCPV/T related challenges for cost effective systems.  
8.2. Theoretical and experimental investigations 
The performance of the HCPV/T system was characterised both theoretically and 
experimentally. It was characterised optically by examining the optical efficiency, the incident 
irradiation uniformity on the receiver and the acceptance angle. Also, it was characterised 
electrically by examining the influence of the concentration ratios, PV surface temperature 
and irradiation uniformity on the triple-junction solar cell output. Moreover, it was 
characterised thermally by predicting the PV temperature and the thermal energy absorbed by 
the coolant.    
8.2.1. Optical performance investigation  
A ray tracing software was used for optical theoretical characterisation. It was found that the 
Fresnel lens optical efficiency was inversely proportional to its size. Also, the degree of non-
uniformity is directly proportional to the geometrical concentration ratio. Outdoor 
investigation revealed that non-uniform illumination on the solar cell can reduce the MJ 
electrical output by more than 40% when compared to the case with improved uniformity 
after placing the SOE at the optimum distance l and by 45% when compared to the efficiency 
of the solar cell obtained at standard controlled lab conditions. The distance between the 
concentrator and the receiver (l) was increased to reduce the non-uniformity of illumination. 
The measured electrical efficiency under point-focus profile (non-uniformity >692) is about 
22% and after increasing the distance (l) the illumination uniformity over the PV improved 
(non-uniformity ˂1) and the electrical efficiency increased to about 37% with increase of 
68%. Although, non-uniform illumination was improved by increasing the distance (l), the 
optical efficiency was reduced significantly. In order to increase the optical efficiency and 
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maintain the same level of irradiation uniformity, the first technique of increasing the distance 
(l) was combined with introducing a SOE above the receiver. It was found that optical 
efficiency increased more than 250% from 13% to about 46% with almost the same degree of 
uniformity and electrical efficiency. There was a close agreement between the simulated 
optical efficiency and the experimental work with maximum difference of about 9%. The hot 
spot initiated by the non-uniform illumination was assessed experimentally by measuring the 
centre, side and corner surface temperature of the PV. A difference of about 13 
o
C was found 
between the centre and the side (0.005m distance) of the PV surface. Whereas, after 
enhancing the incident illumination uniformity a difference of about 1
o
C was measured.  
Although the electrical performance of the HCPV was enhanced after improving the 
irradiation uniformity on the receiver, the total optical efficiency was reduced by about 29% 
after inserting the SOE. Methods to enhance the HCPV optical performance by optimising the 
primary optical element were examined. A parametric study including focal length, thickness, 
groove pitch and transmissivity of the Fresnel lens was implemented. The optical efficiency 
of the system was enhanced with average increase of about 21%. The HCPV optimised 
optical system was also examined after introducing the SOE and compared with the HCPV 
optical system before optimisation. It was found that the total optical efficiency was increased 
from 46.2% to 60.0% with increment of about 30%.  
The acceptance angle of the HCPV optical system with and without SOE was also examined. 
It was found that the acceptance angle increases after placing the developed SOE almost twice 
from 0.8
o
 to 1.5
o
, 0.8
o
 to 1.6
o
 and 0.8
o
 to 1.9
o
 for 0.25x0.25m
2
, 0.18x0.18m
2
 and
 
0.13x0.13m
2
 
Fresnel lenses respectively. Increasing the acceptance angle can reduce the overall cost of the 
HCPV system as the demand for high precision tracking system will be reduced.  
Space and cost analysis before and after the optical optimisation were implemented. It was 
found that about 20% of the area required can be saved after the optical optimisation if 16 
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HCPV units are connected with more electrical power i.e. 112 W compared to 86 W with 
increment of about 30%, which consequently reduces the cost of the system.  
Densely packed receiver configuration including 4 PVs was compared to the single PV 
configuration. It was found that densely packed configuration can increase the optical and 
electrical power by about 18% due to the larger receiver area and acceptance angle with area 
saving of 75%.  
8.2.2. Electrical performance investigation  
Unlike crystalline-silicon technology, multi-junction solar cell is an emerging technology and 
research in this area is at its early stages. There are only few reports on its electrical and 
thermal performance characterisation under high concentration and even less in harsh 
environment like Saudi Arabia. Electrical modelling for a single multi-junction solar cell 
using lumped diode circuit model has been used to evaluate the PV electrical performance 
under different concentration ratios and temperatures. The model was calibrated against the 
manufacturer indoor experimental output data and it was able to respond to the variation of 
the concentration ratio with maximum difference in electrical power of 1.7% and respond to 
the variation of the PV surface temperature with maximum difference in electrical power of 
1.6%.  
A single HCPV unit was installed outdoor and I-V tracer was used to measure the output I-V 
curve under PV surface temperature of 25
o
C-50
o
C with a temperature step of 5
o
C and 
different concentration ratios: 43X, 63X, 80X and 114X. It was found that the electrical 
efficiency is mainly influenced by the incident irradiation not the PV average temperature as 
the electrical power increased more than 150% when the concentration ratio increased from 
43X to 114X. Compared to silicon PV cells, triple-junction solar cell has low temperature 
coefficient i.e. less sensitive to the elevated temperature which makes it a suitable candidate at 
high ambient temperature regions.  
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The I-V curve parameters before and after inserting the SOE were studied to examine the 
influence of non-uniform incident rays on the electrical output. It was found that maximum 
power (Pm) and open circuit voltage (VOC) are both improved after placing the SOE with 
electrical efficiency (ηelect) increment of about 14% and 8% at concentration ratio of 119X and 
74X respectively.  
8.2.3. Thermal performance investigation  
A 3D thermal model using FEA and CFD was developed to examine the performance of the 
HCPV/T system at high concentration under passive and active cooling in harsh environment 
where ambient temperature can be up to 50 
o
C in summer time. 
Passive cooling can be a better choice for HCPV in remote areas where water resources are 
limited and periodic maintenance for the cooling system is costly. Four heat sinks geometries 
were developed and tested at different ambient temperatures (25-50 
o
C) to keep the solar cell 
within the safe operating temperature recommended by the manufacturer. Only one heat sink 
(ESFHS) with optimised fins was able to maintain the operating temperature ≤80 oC under 
high concentration ratio i.e. 500X. The average electrical efficiency of the solar cell attached 
to this heat sink was 39.2% i.e. about 5% less than efficiency at reference temperature of 25 
o
C.  
To make the HCPV more cost effective by utilising both electricity and thermal energy, the 
bottom side of the solar cell was attached to 0.011 m hydraulic diameter Aluminium 
rectangular channel for water cooling. Unlike passive cooling method, which is strongly 
influenced by the surrounding conditions, water cooling at moderate velocity i.e. 0.01 m/s (Re 
≈ 122) which can be supplied directly from the domestic tap water has the ability to keep the 
PV average temperature almost steady i.e. 60 
o
C regardless of the ambient temperature. Due 
to stable PV temperature, the electrical efficiency is almost constant at 39.5% at different 
ambient temperatures. Moreover, it was found that HCPV/T system performs better at higher 
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ambient temperature due to the increase in the generated thermal energy and the low electrical 
sensitivity of the MJ solar cell to the elevated temperature. The total efficiency of the 
HCPV/T system at 25 and 50 
o
C ambient temperatures are about 78% and 87% respectively 
with increase of about 11%.  
The outlet water average temperature of the HCPV/T was examined at different ambient 
temperature. It was found that placing 14 CPVs on the cooling channel is enough to raise the 
outlet temperature to 90
o
C which would make the coupling to a single stage absorption 
cooling system feasible. 
The influence of varying the input solar irradiation, the cooling water volume flow rate and 
cooling water inlet temperature on the HCPV/T thermal and electrical performance was 
examined. It was found that input irradiance is the most influencing parameter where the 
electrical and thermal output increased 100% and 75% when the solar irradiance increased 
from 500 to 1000 W/m
2
 respectively.   
A 0.25x0.25 m
2
 HCPV/T performance analysis under concentration ratio of 425X and 250X 
based on Saudi Arabia solar irradiation and ambient conditions was undertaken to estimate the 
maximum and average power output that can be collected in one year. It was found that the 
annual maximum and average electrical power yields are up to 64.1 kWh and 38.4 kWh 
respectively. Whereas, the yearly maximum and average thermal power yields are 127.2 kWh 
and 81.4 kWh correspondingly. Therefore, the yearly maximum and average total power 
yields can be up to 191.3 kWh and 119.7 kWh respectively. It can be concluded that 184 units 
of 0.25x0.25 m
2
 HCPV/T, which occupy 11.5 m
2
, can respond to more than the annual 
electrical energy demand of a typical house in Saudi Arabia. Also, in comparison to the flat 
plate silicon PV module with electrical efficiency of 20% and 1.2x0.8 m
2
 area, HCPV/T 
system can save about 76% of the area needed. Moreover, in terms of pollution these units 
can displace about 23 tons of CO2 every year. 
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Indoor and outdoor experimental tests were undertaken for thermal characterisation of the 
HCPV/T and for validation purpose. Maximum deviation of 10% was found between the 
experimental and simulation thermal output. Also, there is a close agreement between the 
experimental and the predicted PV average temperature with maximum difference of less than 
3 
o
C i.e. 10%.  
8.3. Future works 
This work shows that MJ based HCPV/T system tested under real ambient conditions of 
Saudi Arabia can achieve 35% and 74% electrical and thermal efficiency respectively with 
total efficiency of about 88%. Also, 184 units of 0.25x0.25m
2
 HCPV/T which occupy only 
11.5 m
2
 can respond to more than the annual electrical energy demand of a typical house in 
Saudi Arabia and displace about 23 tons of CO2 every year. However, the present study 
suggests steps for further work in enhancing the performance of the HCPV/T. The following 
recommendations are put forward: 
 Although the electrical efficiency of the HCPV/T was improved after using the in-
house developed reflective SOE, signs of non-uniform illumination were observed in 
the measured I-V curve especially at high concentration. Therefore, it can be useful if 
different types of SOE such as refractive optics are tested to examine any 
improvement in the optical and electrical outputs.  
 Integrate an automated tracking system and thermal storage to the existing HCPV/T 
will allow performing a long term electrical and thermal analysis.   
 Expand the present study on a module of HCPV/T where number of these systems are 
connected electrically and examine its performance experimentally outdoor.    
 Couple the HCPV/T module to a thermal system to utilise the thermal energy and 
examine its performance experimentally outdoor.    
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APPENDIX A 
Optical and mechanical properties of the reflective material used in the 
SOE. 
 
Parameter Value 
Material Aluminium 
Total solar reflectance (%) 90 
Total light reflectance (%) ≥ 87 
Thickness (m) 0.0003 
Density (kg/m
3
) 2700 
Heat conductivity W/(m*K) ≥ 220 
Table A.1: Optical and mechanical properties of the SOE reflective material [218]. 
 
Total spectral reflectance of the SOE material 
Figure A.1: Spectral reflectance of the SOE reflective material [218]. 
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Technical details of the 3M double face tape. 
Parameter Value 
Brand 3M 9088 
Type Double sided tape 
Thickness (m) 0.0001 
Width (m) 0.012 
Temperature range (
o
C) ≤120 
Table A.2: Technical details of the 3M double face tape [219]. 
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APPENDIX B 
Calibration curve Figures of the used surface thermocouples 
 
Figure B.1: Temperature relations between RTD and surface thermocouples 1 to 8. 
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Figure B.2: Temperature relations between RTD and surface thermocouples 9 to 12. 
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APPENDIX C 
Brief literature review on ray tracing method for optical modelling of solar 
concentrators  
Ray tracing method is a well-known technique used to develop several solar concentrators and 
optical devices such as lenses and reflectors used in different applications. The use of the ray 
tracing technique dates back to early times before the advent of the computer as the 
calculations were implemented using hand drawings, trigonometry and logarithmic Tables 
[88]. The ray tracing calculations are now performed using algorithms or commercial 
software.  
Zheng et al. used ray tracing to study the influence of the incident angle of the light rays on 
the efficiency and concentration ability of a new kind of trough solar collector [220]. The 
concentrator system was drawn by the commercial package UG and then exported to optical 
software. The light beam used in the tracing software had a fixed wavelength of 550nm which 
can work to evaluate reflective concentrators but it cannot be considered for refractive lenses 
as the absorbance and refractive index of the lens material vary as a function of the 
wavelength [88].  
Colina-Marquez et al. developed a mathematical model based on ray tracing technique to 
simulate the reflection of direct solar radiation on a CPC [221]. Results showed that the 
energy distribution at the absorber depends on the surface reflectivity; it is more uniform 
when the reflective surfaces of the CPC have higher reflectivity.  
Groulx and Sponagle presented a ray tracing analysis which was conducted on a 2-stage solar 
concentrator made of two parabolic mirrors [222]. The effects of the secondary mirror’s focal 
length, the distance between the secondary mirror and the target and the misalignment with 
the sun were studied. It was found that the solar concentrator system is very sensitive to 
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misalignments with respect to the sun and small misalignments in the order of ±0.2
o
 would 
bring the concentration efficiency to zero. 
Wu used a two-dimensional ray tracing method to predict the optical performance and the 
angular acceptance of an Asymmetric Compound Parabolic Photovoltaic Concentrator 
(ACPPVC) under the solar inclination angles in the UK [223]. The predicted highest optical 
efficiency was 88.67% for the ACPPVC system.  
Sarmah also utilised ray tracing method to examine the optical performance, acceptance half 
angle and radiation intensity distribution on the receiver of a truncated dielectric asymmetric 
compound parabolic concentrator (DiACPC) [59]. The maximum optical efficiency of the 
DiACPC was found to be 83% and the designed dielectric concentrator was capable of 
collecting 68% of the diffuse radiation. 
Sellami designed and optimised a novel static non-imaging transparent 3-D concentrator via 
ray-tracing technique [88]. A preliminary optical efficiency investigation was carried out on 
160 concentrators of different geometries and 20 of them were chosen for further study. It was 
found that the concentrators are capable of saving more than 60% of the solar cells used in 
conventional flat PV systems.  
Abdullahi used OptisWorks to investigate the effects of acceptance angle, receiver radius, 
truncation, collector length and orientation on a compound parabolic collector (CPC) 
performance [186]. Results showed that CPC can achieve daily average optical efficiencies of 
76.5% and 64.4% for acceptance angles of 60
o
 and 40
o
 respectively. 
Ray tracing method was also applied to study the irradiation uniformity. For example, Leutz 
et al. proposed a cone shape secondary optical element to achieve a uniform flux distribution 
on the receiver following the edge-ray principle and using ray tracing method [224].  
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APPENDIX D 
Brief literature review on electrical modelling of a multi-junction solar cell 
Characterising the performance of terrestrial multi-junction solar cells is crucial for designing 
high concentration Photovoltaic (HCPV) systems. These cells may operate over a range of 
incident flux typical between 100 up to 1000 suns and a range of operating temperatures up to 
about 100
o
C [156]. The dependence of the cell’s performance on these two operating 
parameters should then be well defined. There are a number of methods used in the literature 
to predict the I-V characteristics of the multi-junction solar cell such as two diodes equivalent 
circuit model for each subcell, single diode equivalent circuit model for each subcell, lumped 
diode model and network cell model [156].  
Two diode equivalent circuit models were proposed by Reinhardt et al. [225] and Nishioka et 
al. [226] to predict the influence of temperature and irradiation on the solar cell performance 
but the combined effects of temperature and high incident radiation flux were not studied. The 
Reinhardt et al. model was caliberated against InGaP/InGaAs/Ge cell data only at room 
temperature and 1 sun = 1000 W/m
2
 [225]. While, the Nishioka et al. model was caliberated 
against measurements at room temperature and for the concentration ratio range of 1-1000X 
[226]. In other work, Nishioka et al. successfully compared the temperature sensitivity 
predictions of the developed model in [226] to the Sharp solar cell data at 1 sun and 
temperature below 120 
o
C [227].  
Kirbus et al. presented a single diode equivalent circuit model caliberated for both high 
concentration and temperature levels [156]. The model included a separate I-V relationship 
for each subcell of the triple-junction solar cell. The outputs of the model were calibirated 
against the Sharp solar cell and coefficients were optimised to fit the I-V curves measured 
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data. The results showed that at high concentrations, the open circuit voltage and efficiency 
temperature coefficients predictions deviate from the measured data.  
Segev et al. presented single and two diode equivalent circuit models for InGaP/InGaAs/Ge 
triple-junction cells caliberated against available emperical data published by two 
manufacturers Sharp and Spectrolab [156]. The two models have added the band gap 
dependance on the cell temperature and alloy composition which was not fully addressed in 
previous models. Results showed that both models have produced total root-mean-square 
(RMS) errors lower than 2.5%, indicating that even the single diode model may be adequate 
for practical applications. Although two diodes model is more complicated, it has shown only 
slightly better results compared to the single diode model.  
Kinsey et al. proposed a single diode model caliberated against the Spectrolab multi-junction 
cell (C1MJ) experimental data at elevated temperature and intensity where a lumped cell I-V 
relationship was considered with a single ideality factor [97]. A qualitative comparison 
between the model outputs and measured open circuit temperature coefficients at different 
concentration levels was presented. A lumped diode model was also suggested by Dominguez 
et al. and calibrated against commercial triple-junction cell empirical data at temperature 
below 120 
o
C and concentration level up to 700X [96]. In order to extract the model 
coefficients, a fitting procedure with respect to the RMS errors in the I-V predictions was 
carried out. The validity of the method has been demonstrated by its application to a set of 
commercial triple-junction receivers with a mean prediction RMS errors of 0.85% i.e. low 
prediction errors.  
More sophisticated, distributed (network) cell models were recently suggested [228,229]. In 
this method, the cell is divided into many small elementary cells (hundreds or thousands) to 
increase accuracy. The advantage of the distributed model is reported only in the case of non-
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uniform illumination over the cell. However, this approach is complex to implement and 
requires high computational resources, making it unsuitable at the engineering level [156].  
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APPENDIX E 
Engineering Equation Solver (EES) code of I-V curve model for multi-
junction solar cell including the empirical parameters 
{Photo-generated current, Iscr here is Iscr at 1x * CR} 
Iscr_1=0.01516 
X=500  
Iscr_Xx=Iscr_1*X 
Ki=0.0061 
Tc=298.15 
T=335.81 
IL=(Iscr_Xx+Ki*(T-Tc)) 
 
{Saturation current}            
   
T=335.81 
gamma=-0.312 
Eg=1.6 
Kb=8.62e-5 
Isat=(T^(3+(gamma/2)))*exp(-Eg/(Kb*T)) 
 
{IV curve MJ as a whole manufacturer input} 
IL=7.81 
Isat=1.510E-17 
Rs=0.018 
n=2.53 
q=1.6e-19 
KB=1.38e-23 
T=335.81 
I=IL-Isat*(exp(((q*(V+(I*Rs))/(n*KB*T))))-1) 
 
Ideality factor (n) =2.53, Series resistance (RS) =0.018Ω,, Eg=1.6eV and temperature 
dependence of the saturation current(γ) =0.312. 
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APPENDIX F 
Brief literature review on thermal modelling of high concentrator multi-
junction PV 
Thermal modelling using FEA has been utilised to predict the thermal behaviour of the HCPV 
systems under high concentration ratios. Min et al. designed a thermal model for concentrator 
solar cells based on energy conservation principles [230]. It was found that 0.000009 m
2
 
triple-junction solar cell surface temperature under 400X concentration with no cooling can 
reach 1200 
o
C. Metal plates were used as heat sinks for cooling the system and the surface 
temperature was remarkably reduced. It was found that in order to keep the cell at a constant 
temperature the heat sink area needs to increase linearly with the concentration ratio. The 
thermal model was validated by outdoor experiment with cell temperature deviation of 8%.   
Cotal and Frost developed a steady-state heat transfer modelling to examine the various parts 
of concentrator cell assembly (CCA) temperature under different packaging scenarios by 
varying the adhesive thermal conductivity and thickness [231]. In the absence of forced 
convection, it was found that conduction heat transfer is the main method of removing heat 
away from the solar cell which makes the thermal resistance between the layers more crucial. 
The accuracy of the heat transfer rate flowing through the different layers of the CCA model 
was validated by using energy conservation principles.  
Chou et al. used a three-dimensional FEA to establish a detailed model of the HCPV solar cell 
package able to calculate the dissipated power of the solar cell [210]. Outdoor experiments 
using IR thermography measurement were also performed to validate the thermal model and 
the estimation of dissipated power. Simulation results showed that the geometry of the heat 
sink plate play an important role in the thermal management of the HCPV solar cell module.  
Al-Amri and Mallick presented a heat transfer model using a finite difference technique for 
multi-junction concentrating solar cell system [232]. The model includes GaInP/GaAs/Ge 
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triple-junction solar cell with water flow in ducts behind the solar cell assembly. Results 
showed that the maximum cell temperature was strongly dependent on the coolant inlet 
velocity and channel width.  
In 2015, Theristis and Donovan presented a three-dimensional finite element analysis using 
COMSOL Multiphysics to predict the multi-junction solar cell’s operating temperature and 
cooling requirements at a range of ambient temperatures [206]. The convective heat transfer 
coefficient between the back-plate and ambient air was identified to be an important 
parameter in achieving high electrical efficiency. The results showed that a single cell 
configuration with area of 1cm
2
 can be cooled passively for concentration ratios of up to 
500X with a heat sink thermal resistance below 1.63 K/W, but for ambient temperature above 
40 
o
C, a thermal resistance less than 1.4 K/W is required to keep the solar cell operating 
within safe operating conditions. In other work, Theristis et al. developed a thermal model 
using COMSOL Multiphysics to predict the heat output of a 0.01x0.01 m
2
 PV cell, in order to 
examine the most efficient and cost effective cooling system for a 500X concentrating PV cell 
[173]. Different geometries and materials of heat sinks were designed and examined for 
passively cooling purposes. It was shown that passive cooling of a HCPV system with 
concentration ratio of 500X is insufficient to maintain the solar cell below the operating 
temperature limit set by the manufacturer (80 
o
C) especially at high ambient temperatures. 
More investigation is needed to be undertaken to find the optimum solution for cooling the 
HCPV system in hot climates.  
 
 
 
 
